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Please note in the Preface that this 48 @ preliminary report, 


It was originally intended for limited distribution to a small group 

in order to obtain comments and criticisms to help in preparing a ' , 
final version for wide distribution after study, The tntorest which 

has been shown already, in the form of requests for additional copies, 


has been most encouraging. May we reiterate our request for comments 
and criticisma, Please give us your reactions to the preliminary re- 
port, particularly if you find it useful or 1f you er ounter diffi- 


culties when referring to it in connection with the conduct of actual 


calibration measurements, * 
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PREFACE 


The needa ol inilitary programa such is APA's Project DERENDEI titve led to a bost 
of infrared target mensavenent progrimms, ‘The targets vange from balllstle milaatle mae cones 
during thelr resentry into the atmosphere to ablpa at sea and vehbdes on roads, ‘The meware 
ments are made from abreriit, rockets, ships, nnd other platlorma, with Instruments varying 
from simple pinhole rndlometers to sophtatleate! epittal-sconing verte oimete rs speet rom 
eters, Often the wavelengths observed cover a reage trom the altcavialet to mierowive, ‘The 
treulte of these meaarrement progenies are asehil nny tlh several vnonditions are met, One 


Whieh ts absolutely necessary be that the inestroments ised must fo adequately entihvated, 


Although this requirement ts sttnple to state, inopraetioe the difficulties mre great and the 
Wwethods usually comples, dn view ob the critter) tiportinee of this process called “eallbrie 
ttan, oo tutorial report int heen prepared by the lnstitute of Setence aod Technology, The 
Cobocrattvoct Miehiaan. under Contract Set), whietots input of ARPATS Project DEFENDEIt 
The report ds being issued in this preliminary form toa small) group of sclentints: lor biomed 
etecuse dn the bape that o series al comments iat contributions will be generated, Alter allow 
Ing time to receive these renartiona, the cathors will review the report eritheally aol relsade tt 
ton omuoch hivger moltenee, Comments cre solletted ato the subject matter and the destrable 
degree ol coverive far eneh topie, Little da ooadd tn thts report, for esample, about calibration 
searees, ds this a osubleet deserving aomuch deeper tod more exhwuative treatment Should 
vecoradtometry and calibration methods he separately treated? Only by this process ean at 
Tse ful document be mutde tooview of the pitfalls tuprerlormiog calibrations and, even more, the 


Perlis ta writing chout callbrothons, 


Controct SH) supports the ftallisthes Misatle Itotietion Analysts Center (HAMIBMAC), a 
locity whieh foetlons as a researeh and techateal information center on phenomenology, the 
ory. und that technology pertaining to the fundamental phenamenn associated with balliatie 
missiles and spree vebteles whieh may he alpottieant te the formulation of defense meamnivrens 
ARVAt Missile and apree-vehtele systems, HAMIRAC collects aml processes lnfarmitlon on 
electromagetio nid oeorstice radiition equniunting Pram or caused by TCR Ms ar TM's during 
their trajectory From Tauneh to hinpaet. ‘The tnformetion inehides tleld meas crementa, lborite 
tory studies, stad theoretionl studies, and teavatlable at the BAMIRAC referener library tor 
nee by representatives trom id) organizations presentiog a properly muthorized request, 
HAMIIAC conduets analyses in whieh experimental ad theoretion) results are evahingted aml 
esamtined lor enrretations, Some theoretionl and experimental investigations are onrried out, 
tad the results are combined with the technteal Infarination abtalned from avutaide sourees, 


In ite cnpucity as a technical information exoter, BRAMIRAC disseniinites Tntormathon by 
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means of tbstracta, Indexes, biblographtes, technien! reports ond Journal articles, technical 


meetii ga, and the Proceedings of the Antl-Miaaile Resenreh Advisory Council, 


WAMIIAC ds mder the techaleal direction ot the Infrared Laborntory, ttdraws also, how- 
ever, upon the eupabliitles of the Computation Department of the fustitute of Sclenee and ‘Tech- 
nology, nud upon those of we Alreraft Propilaton Laboratory of the Department of Aeronnutl- 
ent and Astronaudeal Kagineering and the Radiation Laboratory of the Departinent of Electrt 
cal Engtineertag, both of whteh re organtzed within The Calversity of Michigan's College of 


Engineering, 


Institute of Science and Technology 
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METHODS CF HADIOME TIC CA LIADATION 


ALSTHACT 


This veport presents a tutorial and penerad treatment of the callbrution of eptleal lnstiu 
mente whieh are to be teed to measure ecleetromepnetio radiitton trom sources of interest ta 
the military services, The tafrared speetral region ts cmphasdzed althenpgh the ultraviolet 
dnd vistble wavelengths ove alscctreated, ‘The report ta being issued tno pretimbimsss Gsrar to 
odimited proupof selentisth incancuttempt to stimulate comaaered daa oo ithed em, 


! 
INTHODUCTION 
This report deals with the calibration of optical inatramentation used to mernnre characterintles of 
electromagnetic radiation inorder to obtate IMormatiun about the source af the radiation, ‘Thus le will be 
concerned with radiometers responding padimariy tothe aftraviolet, visthte, and infrared reglons af the 
electromagnetic speetrim, The tern: radiometer ds tied hore Tn ite broadest sense, su that it ineliden spe 
clafized devices whieh can be naed to mensure a partiodar characteristic of the radiation field, such as 


spectrometers tor mensuring the speetratilistretbutlan ol rndiation, or seanners fur measuring the apattial 


(irecthoaid) distribution, 


Adiscusston ol vatibraticn methods and problems ean be helphil os a poulde in planning ant canductlig 
Instrument enalibration, tem peadat cut pitlalls to be avolded, of possible sources of error, and passihle 
techniques Jor eliminnting or minimizing their edfecta, flowever, the exnet procedure to be lolawed in 
eallbrating co parthiouiie bistrament depends upon the detatias ob that inataoment and the way la whteh tt ts 
weed, Inoaddition, Ht cannot bo too strongly emphasized that the quality of calibration, and hence the quality 
Of subsequent measurements, depends primarily cn the lamilarity of the operator with afl of the details af 
his Insteiment and ite operation, and on his dedleation ta thoroughness and acenracy, Inthnate knowledge af 
the partlewday tastommentation, gatned by operation over a pertod of time siaffielently lang to encounter. a 


vatiety of clrenmatineces, and a passton for preefsfon are essential for any rellahtle enlibration, 


Mensnrement is the process by whleh a quantitative comparison ts estallished between two ar mare 
values ol a physlow) abservable, such as length, temperature, ar apectral radiance. A reportaf a mensute> 
ment Is ad Hmited usefalness, however, unfess at least one of the observed quantities Is available, far cant: 
parison or refercace, te these recelving the repart, Absolute calitiration ts the pracess by whieh mensnre- 
ments are relorced to standard values, snehos the primary standards maintalned by the 1. 8. Nathanal Bo 


reau of Standards, ‘Phese primary standards are widely avallahte, at least through comparlaans or eatibra- 
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trons with intermediate or secondary relercuce standards, 


The objective of cc cultbration is to wake measurement resitts Independent of the partleutar measueing 
Instrument or measaring techaique crployed, In other words, tt is destred that when the same magnitude of 
a plysteat quantity is measured by ditterent instruments ct different tines and/or plices, and possibly by 
ditlevent methods, the resultlog values should always be the same, However, because we coun never know 
eshaustively all of the eststlay conditions and understand completely all of the pertinent physteal laws pov 
erning the effects of those conditions in any actual sttuadion, theee ta alwiys the possibility that we rany be 
overlooking some signiflennt parwiaeter und los elfeet ona mensarement result, For this reason it tea 
good general rate to earcy ont eattbration under conditions which reproduce, as completely ns possible, the 


situation which estates when measurements based on that caithratton ore made, 


The precision of o mensurement ts speetiied by the wnount of diflerence or disagreement to bx expected 
between different imeasavements or determinations of the same roagnitude, Tt tea mennre of the reproducl 
Diltty or consistency of measurement results within a particular set (eg, a measurements with a certain 
{natroment), The accurney of #ineasuvement ts speciiied by the difference between the measnred vidae tnd 
the (rue or correet value ot the quantity being measnved, Accarney relers only to nbsolute meusarements, 
while precision refers to relative quantives and is concerned pelinarily with reproducibility within the set 
Of measarements and not with their velerval to an ubsolute standard, (Fora more complete discusslon of 
this tople see NBS Monograph Ul [1p Of course, neither preelston nor necursey can be determined ex: 
netly, but they can be estimated by an error analysis oslog statistiont methods, fstimates should be made 
and dnehided wherever possible ty reporting easurement results, In faet, they should be considered as mn 
exsential part of any statement of uo measuved value, Note that, since accuracy involves reference to abso: 


lute standurds, any estimate of accnrmey necessarily includes a statement regarding the callbration proce - 


dure tolfowed, Hdentifylug the source of standirdization or relerence whieh has been employed, 


In strong cantrast Co many areas of physteal measurement, such as the exact measurement of time, 
where preetston of about ove pave in io" has Iwen attained, the naunl preetsion ot the better cndlomete 
lacwsureraents is about one part Gra hnndred, and iminy mensarements are reported for whlelethe error is 
207 or t0F, or even more, While there tare baste Linttatians Gnvolved, many of whieh will le discussed to 
detail liothis paper, the authors betleve that much can be dove to Lnprove the general quality of radioaetrle 
measurements of optleal radiation and the veporting of measurement rests; mensirement quality enn bw 
raised substuotiatly Lf workers become more aware of the sources of ervor und the preenutions whieh can 


be taken ta avold them ov to reduce their effects, 


There aren noniher of useful refevences which are recommended for cenveful stady by anyone planntig 
or carrylog out ne speetfle ealiliveatiion of radiometric Instrmmentetlon (1 theongh Op. Tn partieutir, the dane 


wary 162 ceport of the Warking Group on Infrared Buckgrounds (9), referveid to hencetorth as the WOMB 
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Heport, ti vecelved wide distri butionyand {OWt be ne auined that eaples ave avaliable to roadersa of his 
report, Escept tea the most essentiil material, we will avotd vepenting here things already ndequately 
covered in the WOE Heport, Ttetevence willbe made Co partiontir sections of that report where appro 
prhite, Speediieally, the cedinitions, units, and syanbols used tn this paper willbe those dedioed ti the 
WGI Tteport, Resenttilly the same concepts dnd nomenelitire dire presented In iteleteneen 2, ttt a, 
ec Ty though do some Coscinees the Creatiient bs nots detailed, thle areged that the recomimendattous 
to Relevenves TP fthrough (be considerced carefully, and that they be followed wherever posalbhle, Where 
Tepes ure neccesary We iepe that they te espliettly reported nnd redited te the recommended stnud. 
itd pasretiee ss Gaosueh aowayoies to hetitabe Pate recomparisan With mensarement reports whieh do lollaw 

the standards, These remmihe apply teal codfometrie measurements of saurees, and not just to the valle 


Hatton omenseinents by whieh saeh measurements are sdindarccdtzed, 


CALUUBVTTON GF OA TASTOC RADIOMETER t IDEAL CASE 


Io this seetion we will study the tandamental calfhration contiguritions thet ire used for ecalthration of 
heady every cadteametcte fostriment  Phts Wall fe done ty examining the calthiation ob a base vadfometer 
(oe, one whieh has cnly the camponents: whteh are commen to every radiometile tastmimment), Also, to 
simplify the disciesten stub turther, we wall conatdea only au ideal ease that te, oor in whieh the tosteument 
thetions pertecthy aod Where sonphityttyg teasiinpttone are made to avoid treatinent of pertarbations due to 
condittais Whteh eine be tgnored tranny real situation, We will deder dor dnter discussion the bportint 
probleme Which arise becrase of CD pevtirttig conditions auch ins bvetkpromd mediation and ntmospherte 
Wttenaarion, (2rompertections th venial dastruments ood dn thely operation tor calibration measurements, 


and (0) the dotreduedon of addtqoudh components qod fiaetions Tn more speelalized tnateaments. 


24, TI INS THCMENT 


Three essenthil components ice present ty some dorm toevery radiometer or tadiometele Instemment 


(see igure Dy 


(a) A detector clement whith triusehieos changes to ineident eleetromapgnetioe radiitlon Into varlatlorns 


oti enstly mensured property sueh os conductances 


(iy An optien! syvaten toehiding the sensttive suriaee of the detector whteh determines the combination 
of receiving aperture and angular field ad vleow through whielr radiation bs collected, thus delineating the 


‘Amount of vadiotion to whieh the fiastriment responds 
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(c) An amplifier and output Indicator, ustnlly electronic, to transform the output of the detector element 


Into the dealred Torn: of presentation | 1) 


. a 
~ 


{. Collecting optics which also form a elrenlar 
aperture stop of ave A 

D © Detector element whieh dsc foes ce eireu 
har field stop of areaia 

2 Solld angle in steradians of contea! thetd 
corresponding toa halfeangle, @,, meas 7 
uved In radiins (Qe 2° (b= con 0) * ny? =a {) 
(see Section 14,4) 

He Amplifier and electronic elreults 

fe© Foun! length of radiometer 

It = Recorder lor output presentation 


FIGEIE FA SIMPLE FORM OF BASIC RADIOMETER 


Because this le fo be an ideal case, we WHE assume also that these components have the following con- 


venient properties (whieh ire ooty approximated by actual lnstriumentsl, 


(a) The optical system consists of an ideal thin tens whieh, together with the detector acting as the flela 
stop, sharply defines the chreular aperture and angilar fletd of the lostrament, Every polnt of the object 
(souree) Is perfectly Imaged at the elrealar [teld stop (etector surface) regardiess of the wavelength of 


radiation Ineldent on the lens and within the solid angle of the fletd of view, 


(bh The dtrectional (#patial) response ts untform over the fleld solld angle, Thos, alt parts of the opties 
are perfectly troasparent to all rays within the fletd and the detcetor le untlormly sensitive aerose its 


serlace, 


(ce) The spectral response is constint over a sharply detiaed wavelength band, ." oA A and Ia cero 
outside that band, ‘Phas, the optles are untiormly pertectly transparent, and the detector ts mntformly 
senaltlve to all wavelongtha within the band, It will be assumed throughont the discussion of thin ideal 
case, except where otherwise stated, that all of the radiometric quantitlon (o.g., P, J, I, and Np refor 


only to radiation In this band Ay <A < Ag, 


() The detector, amplifier, and output indlentor are nll tinear, so that the output Is dlreetly proportion- 


al to the radiant power reaching the detector from the fletd, 
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(eo) The averall system, Ineluding detector, amplitier, and output ludleator, responds nollormly to wl 


temporal Frequencles present tithe Anetuations inthe level ol the ratiation belay mons, 


B2. INSTRUMENT TESTEINSIVIEPY 


We Jenve one Hinited Ideal situation temporarily lar some considerations whieh apply taal) eallhvution 
Measivements., Uadlometers dust be ealforated tov the mensumonent ol elthor the amount of radiant pawer, 
P, received through the entrance apertinre and tetd of the Instrament, cathe Trradianve, Uh, at the apertine 
rerelyed through the thefd of the fastvmment, or the cadianee, Ny ob an estended saree sileh cavers the apore 
tamed THs the Hele. Tadlometers nre abso tsed to memsnve the way tnowhlet any of these rmtlometile 
qnetntition vierles with wavelength, dirertion, or time, bat the eflerts of these Important parnimetrarn will be 


considered tn later secttans, 


The reference Jocation Tor these fnetdeat radiometile quintitios bs the entrance apertire of the Instra. 
ment. ‘Thhs location ty dfetated by our obfertive ob vallbration, whith mikes measurements Independort of 
the paetlenhie Ineteument ased, Later, we rotat abacvonsider how other foctors, such te atmospherte trans. 
talsston tid hoehwrend cadbation, aftert our attempos to relate meaanved values of the (teh) quantities at 
thls veterence loeation to radiometete properties of the source (ser Seetlon Zobel of telerenve Y for a more 


detatlod discussion of radlometvle quintiles tos feta concepts). 


Theoritio hemveen radicanetes outont mud theldent radiation luput (Lee, the putyit por ott input) bs ealledt 
the radiometer responsivity. There are three maica kinds of rnadiametrie responsivity slave the senlo used 
Jor calltantion tnd mensnrement te established In tertis of the vadhmetyle quantity of Interest ut the refer 
enee Joeation, Th ts ps trequenthy the cise, the output, Vy Ge measared ii volts, these three responsivitles 
are (Seetian 3.4, teferenec vy: 


Ne, VOT, thre prawer pespars ty ity, vw “A 


9 


-| ¥ 
aN Voted, the terodinnme: reosge Vit, vow sem (1) 


“4 3 
Mi VOSS, the rrdtanee vesponaly tty, vow com © stern 
When the term “respensivity (witheat the modtiery oy the symbol avithout the sateseript) ds used tin this 
report, It refers mymdly well to any ad these three quintittes, dn termes ol the aren of radiometer aperture, 


A, ned Cela sadld tengle, @ , these quantit¢qies mre related fatlne ldeal cise is tollowa: 


It | 2 
I" N Yh Aan. (2) 
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2 RESPONSIVETY CALIBRATION 


In the Idem! case heiug considered here the onekgroand and atmospberte transmission problems (whieh 
definitely must pot be ignored tn any wetual eniibvationy are being iguored on the rasumption that we enn 
sovaehow obtuln the equivadent of mn background of zero vndlance rod a perfectly Cransprrent atmosphere at 
all wavelengths af interest, We witl coucern ourselves, for the moment, only with the posstbte calibrition 
configuration ty terms of size and placement of the callhrnadion source In relation to the radiometer, ‘These 


wre nivo treated in References & and {tp a samewhnat different manner, 


Zab. DISTANT SMALL SOURCE CALIBRATION, A small calibration source of radiant Hntenslty tds 
placed o a large distance $ (see Flyure 2) so thet the image of the distant source tulle eatlrely within the 
field stop of the Instrument. [In terms of rays, every sonve  cey which passes through the aperture or ene 
trance pupll af the instrument also passes through the Held stay, The Lrradiance responatvity enn then be 
computed directly without knowing either of the Inatrument optical parameters, A and Q, from the following 


relotions 
4 
Roe V/He VS Al il 
It 1 Gh 


iA and Qare given, the power responsivity, R y» tnd the radinuce responsivity, Ros nre hoth rendtly com- 


J 
poted from this result and the relations to Equation 2, It should be stressed that the foregoing applles only 
to an ideal situation, where Ro dees not vary across a oaharply defined aperture aud Held and where back > 
gronnd aud atmospherle-transimisstan problems are assumed to have been eliminated, In any real situation, 
these must be considered, as will be discussed tn later sections, In particular, see Sectlan 3.6.1 of this re- 


port conceruing background radiation, 


Image 


\ 
\y 


Source 
\ Half- Field 
| ’ 
Anule, 99 Soe 
\ . 
Clreular Fleld) 
geen - s- + Slap 
| 
The source [mage Is entlrely within Lens and 
9 
fleld stop and Roo© V/ie V8" /J Aperture 


W Slop 


FIGURE 2. DISTANT SMALL-SOURCE CALIBRATION 
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fat2. DISTANT EX'TENDED-SOURCE CALIBRATION, A lnrge calibration source of radiance N is 
placed ata distance sulfielently close to the jastrument so that ite Image canpletely fills the ield stop (spe 
Figure {). Interna of vays,o ray from any point in the thetd stop passtng through any point tn the apertare 
or rntrance pupil acvives atthe calibration source, In this case itis the radinnee responeivity which can 
he computed directly, without knowing A or Q, from the deflatug relation (1). This ts trae beenuse, neglect- 
tng transmission tosses in our ideal case, the radiance, N, at the aperture of the Inatrument or at the theld 
stop, bis the saine vidue, N, ae it does ot the source, Thia fovariance of N along any voy ia extremely tse- 


ful in vaclometele computations [| Rand op, The power responsivity, RR “ and the (readiance responsivity, 


I 
R w oan then be computed Trom Ry by Equation 2, 


Iihage 


Circular Pleld 
Source Slop 
Lens and 
Aperture Stop 


The source Image completely H11s the elrentar Held stop and R. BV/N 


FIGURE 4.) DISTANT EXTENDED©SOURCE CALIBRATION 


This method has partlonlar value for measurements of extended targets, Thus, the spatial variation of 
roadlaner over targets sneh as ships, tanks, cass, butldings, alsTlelds, and tervain can be deternitaed Trost 
with tnatruments calibrated in this manner, An espectally desirable practice ts the location of extended ent- 
lOration sources alongside the targets to le measured, In this case the atmosapherle trans miaston is the 
same lor target and calibration source, He the spectral distributions are sulficlently similar, a knowledge 
of the atmospberle tranamission ts no longer necessnry for the calibration, On the other hand, a miateh of 
source spectral distributions or of paths to the radiometer may not be poseble, The aun affords one exam- 
ple of such nh source, Optleally thin hot gases are also diffleult to compare with conventional extended call- 
bration sources, Rapidly moving sources, such os alecralt and balllstle misatles to Might, require n differ- 
ent erdibration technique because of rapidly changing observational paths and spectval distributions diffl- 


cult to mateh by enlibration sources, 
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Yih NEAR EXTENDED SOURCE CALIMATION A liege extended saurce im pdaced directly in front 
of the radiometer aperture where it compdetely Tle the aperture und Teld with radiation of uniform radl- 
gnee, N (see Figure t). The radiance resporesivity, It In then computed directly from Equation 1, and 


both the power responsivity, It , tnd the Trradiance reapanslvity, May cin be compated from It and the 


I 
vidues of A and 2 by the relations (2), As noted tn Figure 4d, the source ts not Imaged at the fleld stop in 
this method, The radiemeter should be focused exactly as it would be during the mensurements of unknown 


source radiation, 


Walf- Fleld Angle! 


Circular Fleld Stop 
Scaurce 


Lens and 
Aperture 
Slop 


The source completely fills both the nperture and the Held, but the Image of the source Is not at the Meld 
stop, Note that the rays which meet at the fleld stap are not parallel as they leave the source, Ity ® V/N, 


FIGPIRE J. NEAT EN TENDED-SOURCE CALIBICA TION 


Lund, NEAISMALL-SOURCE GONES METHOD) CALIBRATION (see Section 5b4, Ieference %, A 
source With an nren small compared with the area of the radiometer aperture Is placed close ta the aper- 
ture and in ie posttion where It wil antfarmly Irradinte the fleld stop af the Instrument (see Flare 5). Again, 
alnce the ratiometer is focused for a target measurement, no Image of the cullbrntion souree is formed at 
the Held stop. ‘The source must be close enaugh sa that the rachameter aperture subtends an angle greater 
than the fletd angle of the lnstrument with respect to every pednt of the source, As can le seen in the Tyre, 
this meuns that the scuree must tle entirely within the region enclosed by the Hnea XZ und ¥Z which meet 
at Z te forma an angle equal to the Held angle of the radiometer, Une or theae canditlons, each polat af the 
source Irradiates the Held stog. Hawever, only a small portion of the entrance aperture ts used, ty the none 


Ideal cose variations In transmittance across the entrance aperture muat be evaluated, 


Computation of the eadianee ceapensivity ls slightly iaore Involved than inthe previous cases, Consider 
no arbttrary point, 7. on the radtating surlace of the source, It ls apparent in Figure 6 that the rays emit- 


ted Irom? within « solbl angle @, equivalent to the Held angle of the radiometer, will untformly irradiate 
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the entire etreulac Cield stop, Hethe rnuianee of dhe source Is No oand its prejected arcu Is Au the radiant 
) 


pawer from the source through the Held stage (there ave no losses in this tdeal case) is glven by 
P=NAQ (1) 
a ON 
When the instrument is used for measorement ofan extended sonree af rndlance (ling both the mperturve and 


field Gi in Gae oeareesxtended sonvee method of calibration), the total vadiant power threagh the Held stop ta 


given by 
P= NAQ (5) 


Thos the news small-soaree radinee, No, whieh will produce the same output, Vo (for which Pols the same), 
by 


Wenn ostended sauvee of radiance, S, whieh fa tre uperture and fleld, is given hy 


N_ @ AN/A_ OF N #@ A_N_/A (6) 
ry s8 


n 
The vadianee responsivity bs thea ylven by 


Ry ViNe® VA Ay (7) 


The power reanonstivity, n.: and the teradinnee reaponsivity, Re wre again computed uslig Re and the 
values of A and 92 in relations (2). See Section (6.1, below, concerning background problems in connection 


with this method, 


Optic Axis 


Clreular Field 
Stop 

Lens and 

Aperture Stop 


The source Is completely within region hounded by XZ nnd YZ, each of which make an angle 0 with the 
aptical axis where (y) be the half-fleld angle, ? bs any arbitrary point of the source, Rays [rom any such 
point, , withln «cone of half-nngle #) Wil untformly trraccnate the elrentar Meld stop as shown, 


= V/Ne V N 
Ie Vv Va ALN, 
where Ads the aperture nrea 


Ay Is the source aren 
inne Ny Is the source rachatee 


FIGUILE 5. NEAR SMALL SOPRCE GONES METHOD) CALIBRATION 
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PR RR ARR TERS 


Joba, SUMMAILY OF SOETCE SIZK AND PLACEMENT CONFTOPMATIONS In samimnary, we can 
groupe the taregaing methods tn ditlerent ways, ‘The Teld stop ts caanpdetely fied woo rudintion to the 
three methods ased to abtath radimec respoosiv tty diveethy, namely, the (weeestended-sonree methods 
tnd the near simath source or Tones method, Inthe listaot smathe sauree method the Teta step is net thed 


with vuediation. tn this inethod itis the irradiimee respansivity whieh ts direethy obtalned, 


As anudternative chossttiention seheme, the vecthords may hee preaped aeecading to the lovation at the 
source image, la hath cé the near source methods, the source dimige Les beyond the lield stop. ineneh 


cose core mist be taken tomuake sve that the Tedd stop ties wheadly withta the untlormty irradiated Inatend 


ob the vignetted regen of the radiation, 


Finally, the inethods may be pronped mecording to the source size, In the estended-soaree methods, 
hoth apertire aud etd are compdetely Tted with radintian Pram: the sanree, tothe sinad-souree methods 
either the apertare cr the scdid ingle of Teld bs tiled with vadiotion. dn the distant smiatl-sanree method 
the apertare ds THled tat uot the Held, The reverse is tene in the acar smnatlesoaree method. ‘This there 
Is aqpportunity In both small-source cases Tor brekground vadintion tcceater within the fletd sede angle (in 
the seenud case it would be throngle the remaining nonsed portion cd the apertures, ‘This posstlility, whteh 


emopredace anerran oy ontpat, WH he dtwenssed tn greater detall in Seetian ih act, hetow, 


20,6, USE OF A COLLIMATOIt. ‘The distont-scaree methods can be employed without oetually plies 
Ing the sourees at great distances, doone pliees them at the toons cdoa cadlimatea, The radiometer te be 
calibrated is positioned ta the calltmmatcd beam, whieh then appenrs to be comlag from au souree at intiotiy 
This has the advantage of Keeping otha the camponents tnvelved tn the calibration conveniently sceesstbte 
for monipalation ond control, Inaddittan, Ht imakes dt pesstible, in rent situations, to cantrol bnekgronnd pie 
dhrtlan more easily and eliminate the etleets of atmospherte attenuation fa plneing the seuree, callimatar, 
ml padiometer taoorcenclosure whieh ean be Mashed wth dry nitcogen., Addiviesal considerations tavalved 


in using o ead inictcr will be dinenaced In Section thd.2, 


“ab, (ER ERMENCE WADIATION. Ag painted cat in the WOH Report, Seetion iit t, the laeation of 
the zercoon the seule estuldished for the output ata vadicaneter by callhentlan measurements ts frequently 
not speelfied althongh [tls definitely a pieet of any complete caltlyntion, Any report of mensmred values 
af radicanetele quantities: shantd inelnde na clowr statement af the reference rndlation (e., the amount of 
Ineldent rndiation whieh would prodnee a zero ontput signal when the aperture and fletd of the rnudtometrle 
Instrument ure nnticrmy Hed by the Ineident benim), ‘This valine shel be added to that computed from the 
roliometer oatpat (ind ite reapansivity) In cader ta obtain a result whieh ts trity proportional to the inet 
dent midioat power at the relerence pasitlon, Tnoimany ceases, the relerenee radiation ts tnalgalflenat tn 


ceanpieison with the Tneldent midbrtion so that the difference Ia ne gtighide; bul, us emphinaized in the WOM 
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Report, this should be deionstrated, not ussunted, 


The determination of the reference radiation can be a rather subtle and ehusive proceas., Coresanple, 
the putpat ob thermocouple or thermoptte bs proporthonat to the difference between the punetion or set ot 
funetions dt thermal contaet with the blackened recelving element and no reference junction or set of janetions, 
Its the temperutire ot the latter which establishes the relerenee rad ton. “Thibe quantity ia not eastty tle- 
ternined and pay be oondy nioderutely constant, frequently depending upon the temperature of na hent atid 


witeh responds sligpishly to changes doiimblent teapecuture, 


In sti other anadhunetersa, sametimes called conteast radlometers, the output boa mene of the dif- 
ference between the vodtometele quantity dor the beam trom the target (and portion of the baekground) and 
that tor the ben from an gdjiaeent region or reghons ob the baekgeound, Tere tt is the radiation tron the 
adjacent background that ds the reterenee tor the measurement cd the rethidion Tron the target (apd a pore 
tion ol the background. This reference often varies considerobly tor ditlerent measurements. A tirget 


of radiimes equal to that of the bachpround (ero contrast) would produce a zero ovtput, 


Axo natter of convenience, the relerence radiation bs otten specified In terpu of the reference tent 
perature of radiometer, This is chetined as the temperature ol a bliekbody whieh wilh produce a cero 
outpat when it completely tills the eotive aperture ind Heldoot the trateinient (when the ape rive is large, 
this condition Con be closely approstimsted Oy ising a collimator), “The ou of temperature toc ndiometrle 


Wilt Ge liseussed in Seetton it6.tb 


it 
CALIBRATION CE A TASIO RADIOME TEI: NON-IDEAT. CASE 

Actwal caltoration ond measurement sliutions, evenoistig the atioplest fori af baste radiometer, ean 
only approximate tbe ident conditions whieh we constder in Section 2. Tt ls therefore aecessiry to exminlne 
the ways da which real situations diter trom the deat and to determine whieh of these differcnces hive alg 
nifleant elects on mensuement results and how to deal with them. Porn partionlar measurement or entl- 
bration, the only wing to besaire thot all af the pos athilities have been covered ndequately bs to nimke tests, 
verving the dierent pariineters and obsevving the elleets of each on the radiometer output mderv controlled 
conditions, ‘the possthilities are so mianecoie and vary so wldely with the differences between the individual 
lostruments ond the sttuations Inwhteh they are employed, that lt la not passtble to cover then all tin one 
feneril trenmtinent, The discussion will therefore be Himilted to the more Lmpartant of the effects mont fre- 


quently eqcauntercd, 
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We will concern ourselves capecially with the elfects cd the three parameters regresenting spectent, 
spatial and temporal variations. The radiametrte quantities to which a radiometer responds are, in general, 


funetiogs of these parameters, ‘This, the radiation at the radiometer aperture rary be chiarnetertzed by 
the spectral radiant power, Py: Ooo thor HOAs hom ty 


the spectral Trradignee, Wy; om tor ML (As ime (4) 


the spectenl endiance, NACA toa thor NA (A: omy 


Here A ls the syiibad tar wavelength, ‘fhe sputhal dependency ts stated elther in terms of rays, in ref- 
prence to the optical axis aod aperture step of the radlameter ly ond a, or lo terme of und, cartesian 
coordinates In the projected timage of the dastrument fleld stop. ‘The letters @ nnd @ symbollze the nsnal 
angular ceordinates for a ray passing through the renter of the aperture stap, as shown da Figmre 6. The 
coordinates, {rad on, have thelr orlgin at the Intersection atthe optte axis and the fleld stop Immnge (see 
Figure 0), The tempeaud dependeree ts tadicated byt, the syrohol fea time. Tn this repart we frequently 
use the variibles and @ rather than | andy to dhuiatrate the value of specitying the spatial dependency 
of vadlaineter response lo terns of directions ruther Cin by caordinites in obtect space, Since an object 
and an tmage af finkte dimensions are always present in radicanetry. these forms of representation are 
completely equivalent. Kadtometers wtth fields of vlew which are symmetrle bout the optieal axis are 


Wost simpy desertbed by eo and ©, while those with rectangular Held stops are best treated with (andy, 


Projection af Ray 
/ | af onto x, y°Plane, 
f or Aperture Slop 


Optie Axts 
Field Stop 


Te The projected Image of the Held stop, shown without any distortions whtelo might come from nberen 
Hons of the optles 
fone Cartestin coordinates Inthe Held stop Image plane 
O} Orighas of caordinate systems 
(i.e Anpilar coordinates of a ray passing through the center of the radiometer aperture 
A © Radiometer aperture inthe planes, y 


FIGURE t METHOD OF DESIGNATING DITECTION OF RAY 
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We will contine orn attention tn tis seeticn taomensurements mide with po baste rdfometer and wilt 
consider more complicated aud sophistioated inatraments da later seethans, Catibration with be considered 
fer the menserement of the Held quintitles at the entranee aperture of the instrament, Prohtems suet tos 
Atmosphe rte cittonmition and borekpeound radiation, whieh can arise tn connection with mttempts te refer the 


Colibradlon mesocrement resilis back to valies estating at the scarree, with be deferred iar later alveuasion, 


Wd. THRE INSTICEATENT 


The three essentilt con vonents present in every radbometer or radiametrle tastrament were Hated tn 
Section Qt Dnabiitien fo theae separate finetions there are equally bate hinetions whieh, in the wetuat car 
noneidewt sitnation, nstally iivelve interstetiona between the components, “the wovelength interval in whteh 
the radiometric qauntiiy Ps mesetieed dnd the spectral respemebvity of the rachometer within that interval 
ieee seefiaa U0 are curdii chy derermined by the spectral charvetectation af the opdleal eampanentsy (tn 
chiding that ot any (ters and mirrorma combined with the spectral responsivity ol the detecter, ‘The apdtt- 
eal system idone GQuetading, as speethiod, the sensitive sariiee of the detector) ustalty determines the dt- 
recttonal cr spatha dependence of responsivity, Ineluding the sgatiat resoluthon, ‘The reapanse ta terogeaarn 
Nhetaitions tn dneident radaition and the lammiwidth ov resolution ta Mietuatlon irequency® measnrements 
are determined by the detector elenment in combination with the mmpliier and outa indientar, Hawever, 
HPthe responses toospectem or spatial vartattons of tneddent radiation are tennaformed dita temporal (Mie 
tiittiones hay some form cf seni (ea swinging the entire instrament fara eontiniwons spatial sean, or 
changing Hiters With a cetiting Gilter wheel toadimit, successively different narrow speetral bands) then 
the temporid: frequency respanse mi become ce haetor troletertiining wise the speetrat, ar xpathal, response 


wad ve sabuthan, 


It shoudl fe apparent trom the foregeing thatecen the stinplest torn ob radiameter cannot be eallbrated 
arcuratedy, nea ent the results of meosurements mide with it be interneeted and evatunted withant very 


complete carl detailed (nbornictiog about the |. pertios of wd ob its components and thelr funetiannt retatan: 


hay INSTI MENT HESPONSIVITY 


feom the foregoing comments mbout the charactertatios of cent radiometers, df enn be seen that the re- 


sponsivities ol melfonmdters are alse finetions of the parmimeters discussed, so that 


We recommend the use of f to reer tatemparal frequeney as distinguished frome, the frequency of 
the radiotion ttvell, whieh Is piven dn tering of wavelength and the vetoelty of Upght are e/A. Stinttarty, 
we willose the words speetrim and speetrat to refer aoly tedisieibhutians of wavelength, A, and nat to ala 
tributions of temporal) or spatial dreqnencies, or of other quantities, 


iis 


Institute of Science and Technology The University of Michigan 


er 


Row IQA, O, gy ty 


Thin, together with Equatian &, means that, mathematioally, the defining relations (Equation t) in Section 
2.2 crn be evaluated only when n particular value is assigned to each of the parameters (Le., for a single 
wavelength, diveetion, and thme). But in reality there bono such thing as a preelsely monoehromatie und 
perfeetly collimated beam of radiation, even Tron a daser, All veal radiation Helds consist of distrtbutlons 
of radintion over a range ol wavelengths, directions, aud usually also Mnetuntion frequencies, Prrtleulerly 
tn the case of wavelength distvibutions, these ore stpaitieapt nud may not be tpnored in makloag rodionetrie 
measurements, Qur problem then ts to deal with responsivity in termes of the inteyrated elfects of these 
(distributions, efore looking at the net eflect when all of the parameters imiy be chiinging sbmultaneously, 
which also includes possible interactions between the parnineters, we will linst discuss only one pnurameter 


nta time, 


ta SPRCTRAL RESPONSIVETY 


It is relatively easy to minimize spatial responsivity problema by nebleving nearly constant directional 
(apatlal) response over a well-defined [eld solid angle, Similarly, temporal Lrequeney response clleets ean 
be miniinized by working with reasonably steady wonrees and uaing rapidly responding detectors with wp: 
flers and yecorders of wide Lrequoney response, However, [tis aiimost (impos stile to eliminate entirely the 


spectral responsivity problema trom the results of radiometric mensurve ments, 


{n the case of a radiometer with an output, Vy whieh varies with the wavelength of the facident radiation, 


one must use the spectral power vesponslvity defined ts 


j V 
V/A r 
It, Qs Lam (Bran ares (n) 
‘ waro ) A 
where 
% « mn In v/y 
ane 


P 4 in w/a 


The notation nsed is in keeping with the WOT recommendations eoncerntug other wavelength dependent 
quantities whieh are vation, such ax a(A) or pA), tho reasonable Hhelfhood for conliston exists, the no- 


tatlon of 1,0) may be used for the spectral power responsivity. The ontpnt voltage ts piven hy 


Vv f Vv, dA = [on , (AY P(A) AA (10) 
. 4 a, N 
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where Ay © ASA ta chosen to buctude all wovelenptha in whieh the integrands are net zero, ‘These relptions 


ore Hlosteoted in Fiore 7 We eon ntse define uoosetul qaintity, die relative spectend power responalvity, 


L(A) Ws the spectral power responalvity divided by tnormalizing constant, Por eximple, 
ta 
1A) . VM 
“pl Re) it) 
P max 
AN 
where \ lathe wavelength ot whieh Ri, (A) deo nti, 
hy 
tty, , 
Ht should be noted that It, (\) «4 a: Insteml we have 
A FS 
A fe 
Se enya 2 ; 
J VAI It, CYPLOddA 
2 A A 
Nt me. 4 « ! - - 2 a aa ame (12) 
¥ FS d., 
{ YP (AyaA { YP dA 
i. ™ mas 
i] | 
Thas ty Is velatect to Ri (AL by a calculation whieh Involves the speetent catinnt power as a welghting 


A 
hinetion, Aso reantt, the value of Mh, depends upon the wavelength distribution of the rnaintion nsed in 


the colibration, The spectyal deradiimes responsivity and the spectral riollance cesponalvity cnn be trented 


similarly, 


tated, NORMALIZATION, ‘Phe next step in applying the results of the preceling section livalves the 
Iden of nornalizetion, Inthe above Instance, os will be seen, we have normalized to the peak of the spec» 
tral responalvity, Asmane that the value of Ry 1%) has been determine! from Equation TH) by ni eallben- 
tlon meamive ment with a certain Inateument fot Neneh Ways) Is known ail with a calibration configuration 
for whieh P(A) js ulso known, (The problem of measnring the spectral istrioutions Wy) ond PL(A) 
WIL be olineusaed in tater sectlonsa.) ‘The Instrument te then place) tiin unknown ben of rmllation, nnd 
the output, Vy is obtained, From this value of Vy and the vale of RAY) In the relntions of Kqantion 11, 
It ls powstble to obtain anly the valuable of the Integral 
sy 
v/ RAO) ° { PO} 1.0 (ity 


A 
| 
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P(A) © Spectral radiant power 
Rp (A) © Spectral power responsivity 


V, © Spectral voltage outpu> in 
volt/micron 
A « Wavelength for maximum 
of Ry (A) 
d 


; AL, AQ © Limits on Vy 


| vy (A) Ma ® V & Shaded area 


a 
j 


FIGURE 7, SPECTRAL POWER MESPONSIVITY AND SPECTIAL OUTPUT 
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Instesalol the destved measure of the power in the unknown beam, 


A 


” 


U - ‘ 
a f (Avda 
‘, 


Equation bt delves the radiant power normnlized to the peak of the radiometer spectral veapousivity, Note 
that thts quantity does not contain tnlormation about the radiometric quantity alone, but is the reaule at the 
Interaction between the vadlometele quantity ind the fnatviment spectral response, ft telfa is nothing mare 
about an ioknown spectre) distribution of tneident radiation than the response whieh ean be expected from 


doother distriment with the same relutive spectral respousivicy at all wavelengths, ‘To Whistrate, the out- 


patofnn dnstiiment will be the same tor $00 w ineldent ata wavelenth where its response is 10% of the 
peak response, or tor 1000 wot wavelength where ite response ta lot the peak, Novnatized to the peak, 
both responses can be hiterpreted only as the equivalentol 10 w lneldent at the wavelength of peak reapanse; 
bit the sane world be tre for nother dastrument onty Hit had the same spectral responsivity at all of 
these wavelengths, oot just the same value of peak spectral responsivity. Even with the most earefol and 
complete calibration of a radiometer: with nonuniform spectral respoaslvity, one can never exnetly achieve 
the goal of making the measurement result, by ttaelf, completely Independent of the measuring natimanent, 
The fmportanee of reporting the fnstrument spectral responslylty whenever data are reported should: be 


obvious, 


Ind great many cases, lndependence ean be aehleved on the basis of additional information about the 


apectvid distiufbution of the Ineldent radiation — te., about the quantity 


TaN ’ , 
r(A) PAVE 


Herve 2 ts aoseile Inetor whieh may be i (A) er? , 
4 am AAV 


sumptions, the statemeuts Inthe preceeding parngecaph represent the Limitations on the intaymation to be 


flowever, Without additional information or age 


derived trom Voalone, eveu with the beat possible calibration, 


For example, toamay be known (or nasumed) that the relative spectral distitbution of power In the duter- 
val ny eX A) for theident vadiation Tron tn Unknown source is the aame as that in the beam trom the 
souree ised tor calibration (lov whitch the absotate viadue, as wellas the disteibution, is known). dn that 


vase, the power do that wavelength tnterval from the unknown souree can be expressed as 


A A 


P f P (AAA » f r(A)adX = §* MA at 
AA a A 4 a, a 
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rr ae 


where (A) fs the refative spectral distribution of the radfotlop 
Pe in the nenle functor 
An Hscussed in Reference 8 nod in Sections ft) ond 42002 of Reference 4, the value of ain tnd the max 


{nunn value of (A) will depend on the method of normalization employed, The valve of the tategrnl 


r 


f r(A)UA © AA (15) 
d 
1 


In the spectral ipterval ov tnndwidth over which a constant value, Pe would present the same total power 


te the fatecral of the spectral radiant power from A, to Aye fo., 


\ N+AA 
, G ? a i) ' » H 
re J Py(AyMA © PD J Wn POA (1) 


If, In facet, uP In the maximum value of PA) (aw in normalization to the peak), then the value of bandwidth 
diven by Equation 15 must te labelled the pesk normaltzed bandwidth, Obviously, (f ao is tho average vilue 
of PA) in the Interval a, KAx Nye then the bandwidth given by Equation (5 will be that of the entire interval, 
AA « ry - Ay In the case of normalization to the average the power in the ineident beam la given by: 


» 


. : 

ii. D (AVGA @ PP f “AGA @ Pp -A)oep 

f. J PLAYA © Py : MAD © BY Ay A PL aA (17) 
{ 1 


We write the velationships ip terme of the responatvity obtained from na previous calibration sinee we 
know (or have aasumed) that the unknown source radiation has the same spectral distribution at the refer- 
ence position as the radiation from the calibration source, From Kqiations 10,11, and 17 we can write 


(for the unknown source): 


Vv 


d,, Ay 
Ve J PLAY R, Ada PLR, af MA) Le (ADAA © (P/O), ALD (A) La, ) ad 
' d r d, N d, 


From our enllbration we have 


r 


: JP «= / 
A, * V/3 [ py) as| J P(A) 11,0) da (18) 
1 
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tnd so we can compute 


Pp Vel i) 
M ‘y (19) 
Thus it ts possible to employ a spectrally selective instrument to mensre exactly the power, Man ,. 
Ny 
f - nA) dA, Tn an unknown beam of radiation onty under the very speeial coremeastanee that the instrument 


i 
is culibrated witha known beam of radiation whieh iat the same spectrat distvibution, (A). lethal ease, 


the value of Mt, deteaantined trom Equation b2 wltteh de the teat pat of equation (8, can be used together 


with the output, Vi produced by the unknown midittion, to compute the power, Po. inthe unknown bein by 


AA 
Kquatlon 1, 

Ineldentally, this tan good Hhustration of the applreability of the general principle stated in the tntre- 
diction to conduct Gaiibration nesasurements under conditions which reproduce, as cocapletely as passtble, 
the clreumatinces inder whieh measurements based on that calibration ire made, This clearly applies to 
the spectral distribution of radiation in eaeh situation, tin the other band, tt should be recognized that, aa 
Wprietion! nutter, (tomay be extremety diltioutt or impossible to reproduce the spectral distritatian of 
torgets of interest in the radiatian trom calibration sourced for which the values are known. Blackbady 
sources Fre tmong those most frequently employed tor calibeation meaarements become the values of the 
vaciometric quntities tor the emitted radiation are more easily determined than for most other sources, 
However, the miahiation beanie tron iminy sources to be measured, particuliarty those at distanees where 
the radintion bs strongty attenuated by the atmosphere, have a spectral distribution at the radiometer whteh 
virions widely from the blackbody. Asn result, the gout of making the spectral distribution of tneldent radtiae 
tion the same tor both eatibration and meaaarement becomes one tht is desirable but atten very diffieult to 


uttidn, 


Perhages it should also be qaeutioned that, when the spectral responsivity of a radiometer ts nearty con- 
stantover the spectral conpe drewhteh tt responds, the radiant power of an ineldent bead of radiation ean be 


measured with an uneertuinty whieb depends upon the constancy of a (A), Note, however, that it ts abso- 


futely Linpossthle to estimete the degree of uncertainty tn thi situation withod some information (vetual or 


wastmed) tbhout the spectral distribution of radiation fn the ineident beam, 


All of the foregolng discussion tn this seetion hi been dn terms ol power, 1, and power respanstvity, 
It Pp’ However, It applies equally well fo other radiometric quanti£$ies (Tor N be everywhere substituted 


for a, und Ry or ne fm micotitutedd for WR Note that r@), for the seme lecident radiation, bs not affected: by 


” 
thin shift frone one radiometrle qavmtity to another, 


The method of tomanlization to the peak bs the one most frequently employed: bat there are situations 


Where [It bs tot appropriate touse ttand where offer schemes ure used, iain equation (7, These other 
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prethods with nal be discussed further herve, ‘Pwo examples ave presented tu some detail tn Section 1d5.2 
of {teference 0. Beenuse of these possible variations to ethods of cormatiazntion, the nse of norpialized 
vilies ina report of measurements ov calibrations without specifieatton of the way ip which they wore 
novuniized, civ lead to ambiguity and mtsinterpretation, We Ghevefare vepeut and concrr inthe recom. 
mendation given in the cited section of the WGIRB Iteport: “Hola tmportant that the method of normatiza: 


thou be enrefully desertbed 


tah. SPECTIAL HESPONSIVIFY CALHMLATION, Although it should be chem frow the foregoing 
that mo cecurate mensure of the spectral responsivity of ccrndiometer is a very diapovtant factor in inter 
preting mensuvement results, this fretar is probably one of the most neglected phases of entibvation. One 
verson for thin ta that dt is among the moat diffteutt, ‘Phe dillicultios, whieh ave well sumroanvized (a the 


WGIRD Iteport, Section 5.7, enn be agen from the following considerations, 


Two approaches can be taken to obtrin the spectual responsivity of a radiometer with a velatively 
broad spectral passband (the entibration of spectroradiometers With narrow inatiataneois spectral paras 
hands wilt be discussed ina tatec section), One appronch ts to compute the overall spectral responatvity 
from data for the spectral characterisation of all of the components involved. ‘The other is to make direct 


mensurements of the velative vesponsivity of de complete radiometer as a funetion of wavelength, 


There are mimerous pitfalls tn the first method, Most of the important anes mre mentioned tn the 
WGIRK {teport Inthe section cited above, Manufacturers generally do nat keeq the vnetability of the apec- 
tral chavneteristios of detectors and filters within nrrow vanges, Published curves, particularly those 
used for ndvertising parposes which apply to “typlent” item, frequently differ substantially from the char- 
actertation of A particular anmple, Another pitfall Hes ta the possibility of interaction between components, 
such as multiple reflections between adjacent parattel surfaces, The trrusmittance of sueh a combination 


may pot be jist the product of the separitely menmired tranmmittances, 


In koening with the general princiie of making calibration reproduce, 16 closely as possible, the con- 
ditions to be used In mirking measurements, a spectral-respanasivity calhration af the entire Inatrument, as 
nunit, is to be preforved wherever it ls feastble, ‘This ean be done ty observing the response of the radiom- 
eter to the radiation from the exit slit of nm good monochromator asa function of the wavelength setting. The 
beam from the monochromator is also measured naa fiction of the wavelength sotting with a reference de- 
tector, With vesponatvity suhataptially Independent of the wavelength (a so-entled black detector), ‘The rela- 
tive spectral responsivity curve of the radiometer ia obtained by taking the vitio of the vesulting radiometer 


response to the output of the veference detector, 


For reliable measnroments of the entire passband, prvticularly of the degree of rejection for wave = 


lengths cutside af the region of substantial responsivity, it la hmportant that the monochromator benm be 
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one ol high spectral petty, ‘Thos, a double monochromator ts preferable. Supplemeutat (ters my also be 
usec with ft to trance apolnat the premnee of small omonnts ob radiation of undestrable wavelengths, At 
these wavelengths the Inatoimment responsivity bs so much greater Than it laut the wavelength setting of the 
monochromator that ever a very small amount would otherwise produce a sigoithont ever tn the endiom 


etey output, 


The WOE Report polnte out thot there may be difticulty In obtitning enongh cidtant power fro the 
OSC AHE of the monochromator and saggests That collbnator nity be need Gee comments tn Seetlons 24.0 
And eh 2 of this paperg. When this ds done, dt probably wilh not be leastble to ptive the nmference detector 
in the same hea from the collimator heeme, small inosize. i probably world not intereept a sufflelent 
Trietion at the nvittobhe radiant power Thread th wlll probably be nectncrry tb nae i two- position mbar 
Codi rect an dinagecal thee sit slit of the monovhromator alternately oute the Held atop of the colllinator and 
onto the reherence detector, Tu that case it bs highly tinportant to have the two poaltions of tht miorvar 
Wevhinteatly eile and memiutely reprodiamdble, Tn addition, every effort should be mace to tnanrve thit 
the spectral quality of the beam tneident on the reference detector esnetly matehes that of the collimated 
beam on the radiometer. whteh wilh tavolve fatrodnclog the same minber of reflections from the same types 
obimirror surfaces, considering polwvizatton etteeta, mad tok ing other: premniations Hobbs ennrant be done 
the differences should be cavetolly calyzed and aveonnted for, keeping inomind that inderoy hia a speetrnt 
ePMiAAIVity equal to one mini its spectind total hemisphertoat refectanee whieh, ut the longer wavelengths, 
eu reanlt tn styotflenot seliecmisston from miivror surlives it reope temperature. Iniany event, where the 
two hems take ditlerent paths whieh have been designed to be slmilar, itis whe to redetesmtine the reflec: 
tivity of the mirrors From time to time to see that dillerenves hive not arisen throngh meven soiling or genad> 


cal detertoration, 


Kiowlly. aowevdoot emotion about the bliek detector since thie ts the reference stindand, (ts teenriey 
contrads the neeuraey of the spectral: responsivity calibration, Te possible, the spectral nbsorptinee (quinl 
to one aninis the totab spectead reflectance) shout be checked by nomemmrement of the total spect refleet- 
thee. Note that lt ts not the specator, bot the total oy hemispherte reflechaee that ia required, As newrly 
ts posable, the tnvident beni to the reflectance mewsavements shouhh mateh the geometry al the bean trom 


the monoehromoter in the speetrol responsivity eattbrution, 


fh view ob the Improboubility that the bonm extting from a toonovhromator will possess the required wren 
nnd soll? angle to perforin obsolute spectrul responsivity calibrations, we strongly vege that only a relative 
apeetral vesponstivity enitbrattion be made tnthis manner. Absolnte valnes at selected wavelengths ean be 
obtained by the appropriate use of mirowbind (ters and a blackbody inn separnte set of calfbration mena. 


nrements, 
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tal, SPATIAL HESPONSIVITY 


At the entrance nperture of the radlometer, mt indeed at ony aperture, there are two wiya in which ra 
dtation may be distributed In space, Fhreat, there ds a sputhel diatributhon of bevadlinee wt different potntas 
(lemeats of aren) across the aved ob the aperture, Second, thece dap dbrectioniad distetbutton on the trea 
diance atany cae polnt due to radhition coming trom ditterent: cloments oF solid angle, tn invest measure 
ment configurutions, where woradiometer ta used to mensorve the cichition trom a more-or-less cistant 
souree, the vitue of terudimnee, dh (or rudtanve, 8). is the aime uti points avroaa the aperture, in these 
cases, We are seldom: concerned with prohlepm Involving tcspathe distributton of the first kind, On the 
other hand, Ht ts only when a souree of unbform racdienve (Hs the entire field of the Inateument that the an- 
woliee Ov divectional distribution of vadiathon ta uniform tn all divections withti the Held solld anghe, his 
directional distribution cian be thought of in tertns of the spatial distebbution across the bmage plane when 


the tnatriment ds focused so that the (mage plone and the field stop coineide, 


{tefore heaving the first type of aqactiid distebbution, we should point out thit there are instances where 
It may be a significant fretor, For example, when a collimator baoumed whleo calibration source, aa ange 
gested In Section 29,6 above, dbs essential to have a unkform distributhon of rebition across the collimated 
beam tneldent on the entrance aperture of the midioneter, Uf the bean is unttorm and (la the rndtometer 
aperture, the output will be directly proportional to the Preadianee, even though the radlometer's responsivity 
py very across Its aperture (e.g. becaase of variations inthe reflectance caused by dirt ov detertorntion 
of the surface across nopyimary nteror). Hethe benim is net onttonn or (Out Gills only a part of the vadion- 
eter aperture, then the mdlometer's ontpat response will vary with the relative postions of the two uper- 
tures (even with the optleal axes of colliinator and radiometer always paratiel), tt then becomes imposatble 
to hast A meantaydal vabue to the prradianee at the rederence position or to determine Ke the reaponsivity 


tuuntforn trendiance nevoss the enthye radiometer aperture, 


In the near smit}-source or Jones methext of eallbration there ta an assimmptton that the radboweter 
responds uniformly to racdhition recetved through all portions of tts ppertnre, Section 2.44 and Figure 
A, partheularly, show that radtation from any potat of the source to the fleld stop passes throngh only a 
portion of the rudlometer apertuve, Firthermore, this portion la different for envh different polnt of 
the source, Consequently, the net or total power passing through the Held stop to the detector wit 
virry With the position of the sonree Hf, for exmmple, a collecting intrror his noan-untorm reflevtinee or if 


Ita focal length varies neross the aperture ([ 0) Seetion 204), 


V4.0, DUtECTIONAL RESPONSIVITY— USE OF A FIRE LD LENS. Unfortunately, a grent many rmdlo- 
metric measurements are made with Instenments whieh do net respond untformty fo rndtation coming from 
different directions within a shirply defined nngular fleld. This is most offen due to the facet that, tn the 


simplest form of rndiometer, the detevtor ts located In the Image plone of the collecting opttea where It 
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serves ws Hie field stop. Any noonnitormity bi responsivity neross ite sensitive: surtnee, combined with the 
eftlects olny opthen) vberrations. produces dovairvyiug response to rvays venehlog the tiateniment npertire 


trom different divectlons, 


In nimy enses tis possible to aehleve a ainore nearly leat direction) respouse by the ame of wn tleld 
leas, A tleld stop tithe tage plane of the prtiary opties teed to gharply detine the angutay tield, A 
field lens placed close to this fleld stop tingped the entrance aperture ou the surimce of the detector. Since, 
ae polnted out dbove, the entrance qperhiee ts unitoriuly beendiated under most elreumutinces, even though 
the Heldis not, aovearhy untiorin teradiation of the detector ts prodiced regardless of variations nero 
the theld atop. Tewevee, it ts well tecbemr thomtud that the uatformity of directional veapoanse his been 
olttined at the expense of procdble ponuntionadty cd spathd response weross the entvanee aperture, "Thbs 
could) loon siguifieant problen, for ecamypde, tnattempting to cealibrate such ian biosteument by the near simile. 
souree or Jones methat, toshould ais be noted that the suevess of thts use ola Held few ds greatly de 
pendenton the quality of that Tens, substantiat abegaidtons condo much to reduce (ts eHeetiveness ti pra: 
Hunt uniform direction’: vespouse over tie teld, Finally, the spectrod transimittances of avaliable mate 
rials for such Held tenses place tinitutions on the cases towel the tsa feadble appronch, We strangly 
cope With the recommendathon ty Seetion 9,5 0) the WERE Report This conthpurntian is recommendet 


When waivetength constderitions pernith 


Wh. MAPPING THEE RTD. The field of view ofa radiometer should ntwayas be mensured and the 
results Included tithe caibration data, whtel) should be a part of any report of mensarement results lased 
onthat calibration, An eseeptton can be nele when the toatrament be teed ouly to measure the endiance of 
Wilton extended sources and where, for allot the measurements Inelidiiys the catibrntion, there te etearly 
no question that the entire Held ts Wied with radhetion from the untlorin source, tn that ease there is na 
need far cetatled tifecimation about (he exaet sizecot the Hetd nor about the distytbatlon of diveetionnl re 
sponse WHthin the Held, towever, Uh the Geldbestends over regions of substantial varhation tion nonuatform 
estended source, aid tt te desdved to obtain meningtal monsurements of avernge radiance over these ree 
Hilons, dantfiorm direction” response nero a sharply defined teld ta casentinl and should be vertfled is 


partool the calilaation 


Yhe Held cian be mapped with aay couveotent small souree ad) constant radiant tntensity (far relative 
Heasiirements the valve of need not be Known) ato distance where The linage covers onty a very sianll 
portion of the Held stop. ‘The sizeof this Image determines the resolution with whieh the vavlation of dl> 
revttonal responsivity can be determined, The size should be thntted by the elrele ol lenst confistan of 
the collecting opties ol the vadiometer, ‘The source can be moved horizontally and vertieatly lion plane 
perpendicutar to the optte resis ol the mdtometer, or the radiometer cou be sennned nevada the source (vee 


Pe 


Fijirve 4), Seetion 4,5 01 the WOT Iteport discusses methods of presentation ob the Teld of lew whieh 
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shoud be compared with this and the discussion in det it below 


{ Snrall 


aml 
_ 


Ir 
| f Feld Stop 


Radlomeler 


Ax\|s 


Phine of 
Source 
2 «© Dintence from radiometer at origin to plane ob source tt (a, 6, @) Or (NS, ¥, 2) 
7) ” 
te Ve aye psin vs tune 


sandy are Haenr displacements in the plane perpendieatar to the optie axts 
fe sin’! (r/py @ tant (e/a) e072 rodions, aoe x/zond © y/e are the corresponding angular dlls- 
placemvata, 


FIGERE & GEROMEPRY POR MAPPING THE PYRE LD WEEE A DISTANT SMALE SOURCE 


The dintaner of the small source mist also be sufltelent to incre that it bein sharp focus in the tleld 
stop if, te is frequently the case, the Instrument has (xed locus opties, Tha shorter dintince fs used with 
an dnsteiment with adjustable forus, tls wise to check the measirements at more than one tlistioee to 
make sure that they mre not affected by the focusing. Thin should be done capecially before applying the 


results to measurements of sourees at ranges different trom those at whteh the calibration meammrements 


fre made, 


A colliinator may also be ased Jor mapping the field ol a radiometer, ‘The sizeof the source In the 
foea) plane of the collimator (the collimator fletel stop) mirst he adjusted to produce the deaired size of 
soutee Lmage inthe fledd stop of the radiometer, For ideal opties, with po aberrations, the source ane its 
Image WI subtend the same angle with vespert ta the venter of the aperture stop af their awn optical sys 
tom (the mele QW tn Figure ty, ‘The magntfieation of the system: is the ratio between the sorree and ita bnage 
In the radiometer, Which Is the same as the ratio between the for) dengtha of the radiometer and collimator 
option. ‘The collimator should be of good enough optheal quality so that tt does not degrade the remilts af the 
measurement, ‘The blur efrele of the collimator, measured tn terms of the angle whieh Ho stubtends at the 
conter of the collimator aperture stop, should be amadt in relation to the blur cirete of the radiometer, msn 
measired by the angle whith it subtenda at the radiometer aperture, Vader these chreumstances the minimum 


Imoge size ia determined by the aberrations of the radlometer option, 


The collimator is positioned se that, as Che angle a between its optic axis and that of the radiometer 
In varied, the two axes always intersert tO, the center of the vadiometer aperture stop. Thin arrangement 


will keep the aperture of the radiometer Tiled, as shown in Figere 9. The Tiere has beun drawn shawing 
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the patbs of the extreme rays through the radiometer aperture to Ulostrate the need (even with perfect 


alignment) fora collimator nperture somewhat larger than that of the rialometer, 


tod, COMPUTATION OF EFFECTIVE FIELD SOLID ANGLE, We will define the effective Chola 
solich angte wes that valne of Q which will sutisty the relation of Eynation 2, even for a non-tdeat rndlom- 
eter, Inother words, it te the ratio between the trridiionce responsivaty ond the radiance responsivity of 
the inatvimment, He there ta nonuniform directional vesporase, so thit the termdtiaice responsivity wares 
with direction, {tf Is neveasary to be more speeiiic, Note thi the value which satiation Equation 2 shonld 
be closipnated ia the effective fleld solid angle with respect to the direction corresponding to the maxima 


{rradiinee responsivity, 


Before looking at this detioition of elective Tield solid angle in taore detail, it may be destrible to 
review the caampntatton of the purely peometrival solld pogle sabtended at, the center of the aperture 


stop, by a efreutiar etd stop (see Fuge (4). ‘The esact vate of the subtended solid angle ts given by 


Qo J ain Gd d= 2r(l > com o) (2) 
d 
» ) 


where the symbols are defined tn the (gure, However, no nsefol und frequently employed approstmattion is 
to treat diatimees inthe plane of the fleld stop as if they were directly proportional to the pagle they sib 


tendat the orlgia, Vhos, approstiations are used, such ts 
repaint’? & pt (21) 
With this approximation, the solid ingle becomes 
a, 2 
2 err rd (22) 


The range over whieh this dpprostmation may be used for a desteed degree ot precision is vendily evaluated, 


Ii we expand the cosine (nto nw power series, Equation 20 becomes 


2 t u 
0 0 a 
0 0 0 
Qeour(b- | ya i “F vv) 
ae Oy (2st) 
or, 2 0 ; o 
"ey ae) 


It ls tiamedintely nppavent that the approximation of Kyuntion 22 amounts to retubing only the flrat term of 
(iis series expansion, The error involved in dropping all of the terme beyond a certuin paint inn conver- 
Kent ulterniting series ts equnl to or less than the magottude of the first term to be dropped. Hence, for 


IS aeenrney of approximation, we may set 


2h 
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2. por0 * v4 
0010 (24) 


Circular 
Field 
Stop 


p cos ) 4 


0 


y 
Ua = Maximum value of 0 
0 @ Origin at center of aperture stop 
x, ¥ © Coordinates in plane of the aperture stop 
ze Axis Boptie axta 
rep elt Oy © radius of fleld stop 
Foe p cos ty 
2 © Solld angle subtended at 0 by fleld stop 


Zr lg 
Re | {, sin Od Od@ = 22 (1 = cos Up) & rhy*, or @ ere/PE 
0 
FIGURE 10, SOLID ANGLE OF CHICULAR FIELD STOP 


Another approsipiation, probably even nore eonimonly used, is the computation of the solid angle from 


oO o » 
Q err /F = tan’ a (25) 
a) 
Again using series expansion, we can write 
' r 
a i a i) 
tandos 0 ~ - 
an + -—= J —- ’ tee 
n 0 a 1h 
in 10 
u Ae 
ian” a a . ’ = ’ 3 ’ 
0 o 9 226 
(ti) 
{ ‘ ta) 
ti) i 10 
” Q oO 
> —— C a ) ames 4 CFE 
4 4 15 
| tr 
20 170 
a 2, po oe 2 
r , = © saa 
a 4 As 
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This Is seen to le quite rapidly canvergent, atdeast Tear sod! vadues of @, so that the magnitude cf the Creat 
0 
tern dropped Ls still a good apprextimntion tothe error Invelved tn dropping (Oand all fadlowing terns 


Thus, fornhout 1% recurney by thls method, the ronpe te eathieacted by setthias 


wo | 
0 


» 
« 0.010% 
4 7 


0 © VO0TK «= 0.122 rod ws 7° 
ite 


In carder te relate the definition af elective solld angle, given at the beghiing of this secthan, to the 
renults cf mappdng the fleld as deseribed In the preceding sevtion (Secthan 4.4.2). let ua cemalder the catpat 
from womdometer with non-unifarm direetianil reayamae placed Ina Held cd ontform raatance, Ny which 
completety (lls both (ts aperture and its fled, ‘The value cf (Incident through mn elument af satid angle, 
2, Inany given dlrevtion Is, by definitian, equal to N cos 0d. Henee the cutput may be conyaited froma 

on A 


oO 
Ve | N cos 0 “a (Hd) win Odile 


0 *D 
(27) 
ir £8 
it 
“ s{ | Ro (A.g) sin O von adddd 
» "0 ' 


If this were mp ideal radicooeter with anlfiem respamse in all directians withla o alarpdy detined sotld ungle, 
2, and with on irralianee responsivity equal to that of the actual rodicaaeter In the directlan of Its mat: 
| I 


mum respense, KR vthen the output would ba 
Hm 


Vie it »N 2H 
ad Hymns . Ra sates (28) 


Aw stated at the beghining of thls sevticn, the value of @ which will nike these two output values the same 


Jn called the effective solid angle, @ 00 Ineather warts, tte the scdid mughe «finn equivalent ideal radlom- 


off 
eter (iniform apatial reayamse), If we equate Equations 27 and 24, we ohtoln 


gr wv 

aif eit) 
« | Ong ae oy) 
Ott Ai max j \ (Ah) win O com OOD (in) 


For snl! values of @ we may nproximate ry using cas Oe band sly @ Anand write he approximate 


relation 
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In termes of the cacrdinntes, f and n, defined in Figure 6 and Equation 4, the effective sotld angle is given by: 


2H 
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5 
= a 


T 5 ’ 
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Thnias 


where A it represents the elective ren of the tiene ob the tleld stop and «os the distince fron: the Heda 
+ 


Stop Fanie to the Tastrimment ope rtire, 


As noted Inthe WOTRU Report, Section 4.5, since this expression involves only the ratio a a ina’ 
whsolute measurements of the teradiance respensivity oso function of direction wre pot needed for this come 
putation of effective dield oagle, relative values ore suttiefent, Tbs naetul, ws port of on wetual calibration, 
to cmery out this conprtition to compare dowith the value obtained trom separately determihied vanes of 

the radiance responsivity and the teradiouce responsivity tothe cdtrection of maximum response used dn the 


expression (bosed on Equation 2) 


Y = KR R 
off {imax ON (ta) 


In particulary, di the use of pn extended sonree whieh His a very mich lorper soltd angle than the purely 


geometricol solidangle subtended by the tledd stop, resilts Ina omnch ameder value of a. tis computed 


if 
from Equation (2 than thot from quation WO or lth, one should took for the possibility that the dnatmament 
Is responding to seattered radiation trom large angles outside the Held because of fnadeqnate battles or 


Inadequate nonredective conthng of stenetural surhices in the bear, 


1, TEMPORAL, RESPONSIVECY (] Sand ty Seettaar stb 


His uanally possitde recdestgi radioneters so that the Trequency response (see footnote) is ample for 
the conditions of cal bvation ond measurement. in thatease, ro detatled calibration ts required, tt ts 
luerely necessary to cheek the response tine Co verily thot the Instrument will respond raptdly enough to 
measnre the desired changes th the ietdeut radtotion, this is easily done for most instioanents whieh hive 
thee response by rogddly coening ond eleeding uoatvitter be tromtet po conventent source, Observations pre then 
toade ob the time requived fea the outpat to reach tts Tinol valve dn response to the practically dastantaneous 


chouye In the rodiotion tnetdent on tt, 


Tt has already been paved ont that, in some apectottzed trtoioents whieh employ some torm of sean 
ning Co Cranstate spatiol or speetad variations into temporal variations, the temporal or freqnency response 
copablitty of the Instroment may be the Luniting daetor tin determining the corresponcing spatial ov speetral 


resolution. ‘This wll be dtseussed in imnore detail tn later sectlotos, 


A bustle cadiometer may be used too measure changes da ineideat eudiation, or to measure the modula - 
tha of the output of a source, ‘The first type muy bave zero response at cere Crequeney In order to respoud 
only to changes In vadiotion level (Section HiG5.2, Hefterenve tt). Stree the trequency- response chavavterts- 
Hes are due to the combined) characteristios of the detector clement, the ompiitter, and the output presedta- 
Hon corponents, one con be done with oppropriatety designed electronic chreniie to modity und coutrot 
thin charueteriatic, of least within Timits imposed by the detector clement, 
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Que Jorn of lostrumeot ts deliberately deatgned to respond to the thne rate of vhange of the Incident 
rodiant power (e., fo the thest derivative with respect to (ime), lhowever, there be always in upper Tmt, 
nsnatly set by the Lreqnency response capabliity of the detevtor element, whieh should be determined hy 


valibration measorements, 


Hethe radiometer ds bedng vallbridrd dor use to the mensurement of modulation or tlhictiation in the out 
pat of a torget, Its essential that lls responsivity asa Tunvtlon ol treguenyy be emiatttished over the lull 


vange ol Treqnenctes that are to be meusured, 


51. TEMPOHAL HESPONSINITY CALTBIATION, Observation of response toa raptdly opened ar 
closed shutter to deterimiue that an lustrataent has an ideynate response thie has wlready been mentioned 
wen suffletent vheek inaimany vases, It somewhat more extended Lrequency rvsponse Is needed to lollaw 
expected Mluctuntions In invident radiation. a check ean he made by naling a rotating Inechantce) shatter ar 
chopper th trontotu convenient sonree, with provistons both to vary ind to mensore the speed of rotation, 
Ie the npper dimit of uniform trequenvy response ts not veritleal and not ditiiealt to ahtaly ta teria at the 
fundamental frequency produced by the rotating sliutter, the question of the wiavetomm: of the output of the 
detector element necd not be rated, However, Hi the response does appear to fall off at frequencies bee 
low dhose to be raeiesived ind seletiie ots ave not ently aeete inthe electronios or elaewhere to correct 
this, itonay be necessary to esamine the waveform of the modniated radiation level prodneed by the shut 
terior chopper, The ontpat en be recorded at a lower chopper rotation speed where the response ts att 
linerr, and can be ndyzed mathematically to determine the relative strengths of the vartons harmonica 
Inorder te determine which are tiest dng attenuated th the ontpnt as the speed of rotation of the chopper 
Is gradually tnereased, However, dnother approavh, whteh wil avoid ranbiguity and tnvelved romp anations, 
Is tose in epertare aod choppers blade coufiiration destyned to produce almost purely slousahtal vhop- 
Plog. Mechantew) choppers oun be designed ta moduliade a rndintion berm over the ringe trom cero free 


yuenry up to severa) hundred thousand eps, a range whieh ts adeqiote lor most mensuremrnts, 


(A. TURP RHIAT, GF MEASPIEED QUANTITIES TO THE SOURCE 

Up to this point we have disvussed the response of rodiometers in relation to the lncldent vacation at 
the reference Joention, just In front of the entriace apertare of the Instrument, Thin hits been stressed in 
order to emphasize thatn instrument, when placed tia radiation Held, neceasartly responds to the condl- 
tlons existing it that location, Moreover, iCis passtible ta enlitrate tn terms of the radiometric theld yoan- 
ttlen extating atthis reference location with assurance that mensurement condifions wre belng reprodneed, 
Hthe caltoration resatts are related to mace remote locntions, leas confidenve ean be pliced in the valle. 
thon nad the measurements brava on lt, When tttempts are made to loler, from: radtometrie menairements, 
the properties of the radintion fletd at a distance trom the radlameter, parthealarly ty the neighborhood of 
thy source emitting the radiation, Its tonnad that the chances tor error ond mimblyuity are substonthdly tn 


crensed, Nevertheless, It ts Lreqoently the properties pf a mare ar less distant sonree that are at primary 


Interest, 
wu 
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— 


There are a aiimber cd factors teohe considered, Sometiines It ts diftientt to obtaln an neenrate mens - 
urement of the locatton of the source, espeelatly of a remote and raplely moving sontee, and lilevences 
obo ite radiant intensity trom the Treadliace at the radiameter depend upon the accuracy with whieh the 
dintinee istknown, However, the two principal soarees af diffleulty are bwekground sources and atmosphere 


attenuation, the latter asually beiag complleated by lack of trlormation about the speetrat distelbuttou of 


souree radiation, 


tid. BACKGROUND SQERCES, ‘The distinetion between a tirget souree nd a baekgrannd source of 
tacbitlon te ono arhitaary one whith depends only npon the tnterest of those making a measurement and is 
teat dohevent property cb the souree, dnocalibeation, any radiation whteh enters a radiometer along with 
the radiieticn trone the desired source and whieh, tenes, cn cote un additional output response not core 


rectly attribatable tecthe soaree of dnterest bs classed ts background cadlathon, 


As previouaty nated, bretpranid sources cin heen partionarly troublesome souree of error tin dbstaat 
smi scores calibration and tnonear smatlesouree Jones method callbration. It should rot be overtooked 
thso, aa sipgested th the discteston at seetion ttc, that radiation from partiealarty strong sources which 
Heossitsnentinity votstdte of the peometeleal tletd salld angle may sti) be senttered Into the tleld atop die to 
Invdequate optlend design. Consequently, this type of background source radiation may also be tronblesome 


In the extended) sonmrce calibration contipurat ans, 


Stnee calibration measurements wee isially condieted ander fately well controlled conditions, It ts 
olten qteatsible, with a tittle enre, toeltininate most of the serlons background sources, However, partlen. 
larly where wearking Inthe longer infrared wavelengths where even abjects at roow temperature become subs 
stantial soarees, one may tind Tt lmpossible to elholnate all sigutileant background sonrces, ‘The only alter > 
wative, then, is te tdentity the destred source radiation by some distinetive modutation, so that the output 
response due to tt em be differentiated trom that due to the background, ‘The aboiplest method Ts merely to 
then itan and olf with a shutter at the sorree and teke the difference between output rendings nnder these 
two conditicns, Rven then it may somethines require considerable patos nnd tngenulty to lnsure that the shut- 
ter ds tot Itself a soaree, either die to an elevated temperature resuttiog Trom radhitlon absorbed Trow the 
sonree whieh this blacking, or as the result of reflections of radiation fromunsuspected sources elsewhere, 
In doet, at the longer infrared wavelengths, (tts probuldy imoraetion) to atteanpt to devise n true shutter that 
WIH fonetian as a non-radiating source, and the best solution is to deliberately deatgna second source of 
dtiferent, bat equally well determined, vatne whieh can be substituted for the frat one, Thus, the eatlbrution 
hecomes toimensurement of the difference between the ontput Indlentions from: twa known sources with atl 
tackpreaind conditions held constunt, tn these longer wavelength regtons, beyond six or seven microus, 
Where radiitian from the surroundings at room temperature begins to become a probiem, It ls almost man 


dutory tose only blackbody sourees lor calibration, The value of the radiation Tran any other type al source 


a) 
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becomes nocertily to the estent that dt may Tnelude radiation refleeted Ercan the snrvroondings (] 0). Section 


Teun 


{ha periodie tateriuption of the searee radiation by memis ola motating, chapper bs employed, iis las 
portant to phice the enthre chopper Gud any drive motor ov other moving elements) behind 1 constant: tem 
feratice baile whieh contains the Hitting apertare detining the position and area cd the soaree, (Any ray 
Tromoaoy point ia the radiometer aperture ond within the radiometer Held, whieh passes throngh this detin 
tpg apertare, should Lderseet the sonree within the area cand sotfd angle tor whleh the mnadbvtion valhies are 
Known.) tooking toward the source teem the radtometer, the caly portion of the chopper whieh should be 
visible fa the portion of the chopper blade whieh passes tn dront ob the source is seen through the detining 
aperture, With this arrangement, the detining aperture becotoes idternaiely a source of rndinee equal to 


that ofthe source behind ited then a source of radiines equal to that ob the chopper blade, 


ha. ATMOSPHTEIEOG AETENEA TION =| APPARENT SCOURGE RADIATION, ‘the attenuation of dntrae 
red radiation by the atmosphere tsa highly cartable tinetian of wavelength, did ob meteorologied) parany. 
eters (particularly of the cancentration of water vapor) whtedo are themmelven highly variable and not amend 
ble to esaet determination, Bela a tanetion of the wavelength, the net attenuation of w beam whleh is come 
fosed of a distribution of wavelengths van be estimated cnly when the speetral distribution ob the beats is 
known, ‘Thos, inorder to doisess the otmospherte aitenditton of cadiition Ina speeteal band trom a distint 
sonree we Most know the spectral distibotbon of the samree radiation, Atmosphere spectral attenuation 
fs sO highly variable wtth wavelength that this sti tentent ts usoally true, even tor lately narrow wavelength 
honds, sneh as the spectral sfit width (see Section 6, below, ob i spectrometer or spectroradtometer, tn 
other words, before we cin conquite: the atmosphervie atlenaatbon inorder to arcive at the value ob special 
rodlance, Nye or ob spectral radiant tntensity, W. Wo distr seaqres, we must Koow Tt relative spectral 
dtstetbation, (A), 

For the rensons outfined th the preceding paragraph, there are auavoldable ancertaintion tavolved ta 
Indcared measnrements ob n distant sonree inn atten nating medion, and partionlarly dy the earth's animes = 
phere, Also, there Is a diek of complete ngreement on the best methods lor deating with this dittentt stina 
Hon. Tis obviens, howeveo, that itty desirable to report inas mach detail as possible regarding the perth: 
nent ecnditionws albany tcensurement ca calibration, These lactide the geometry, the meteoralogleal cond 
flomns nlong alley paths anelnding tempeadinre, prescaire (altitnde), and haamtdtey: und any mateations of 
have or seittertny particle content. ‘There is paretioulir need lor study ind development ob techoaiques tor 


dealing proctiontly sith attenuation by serattertag, 


When source mensnrements are made over shart paths tothe Taboratory, itis best to attempt to eltint 


nate the eHlects ob atmospherte attention by Mashing ont the optteal paths with a pas auch as dry nitrogen. 
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Fiiltnp this, one shoubtiomake calibration measurements which reproditce as nearly as possible all of the 


WMensnrement condithons, 


Aacliscossed in Section 202, the second technique: has been profitably camployed during fleld pensure- 
nents of miny targets such ts armored vehloles and tiildings., Inthe ense of other targets no posalbiltty 
eStats (or calibration tn this manner, At beat an arrangement may be deviamt to allow Wireet evaloation of a 
attenuation by the literventng atmosphere, Often data are reported with no adhuistment for otmoapherte ef- 
fects, this practice, which has been discussed In Reference & and they WOLRD Report, Invelves the use of the 
iotifier “opparenat" tor qinntities whieh describe the source which would produce the same radtotiog nt 
the inatrument aperture Hono intervening atmosphere were present, The following notation follows that of 


Relerence 4 untis moimoditiention of that recommended by the WGI fteport for such cases: 


J' © re HS awl Noe rN (Sit) 
where Je apparent vietlint intensity 
N'oscappareat rolinnee 
iz atmospherte transmithimnee (lor the particular path and speetral beam) 


Woe teradianee at rivtiometer die only to souree rodiation 
N vicianee it the source 
Joe radiant Intensity of source 
S ec adlstance from voliometer to aouree 
In Get) atbof the ratiometete quantities reler only to vintiation in the beam from the source since rattatton 


from background sourves has been ignored, ‘The same relations hold Uf the spectral quantities, Vy. r(A), 


oO 


ys My N a! onl Ny wre used, 

When a ealibration Is being mole in support of measurements which mre to be reported only in terms of 
the apparent radiometric qmanatioes for distant sourees, the calibrations should be made as nearly as pos 
sible in terme of the rmtometric quantities at the reference position, This the reported menammement vale 
nes enn he regarded as chaohite valves atleast at the reference position, The oncertalnty ta limited only 
to thet resulting from atinospherte attennation conditions for the meamivement of the distant souree, If, 
however, the calibration results ave also determined anly In terms of the apparent radiance or apparent 
radiant Intensity of the known souree, as observed by the redtometer throngh on onknown atmosphere, thelr 
vse Introduces a second aneertainty Into nn already uncertain altnation, The only exception Is the one al- 
ready #nggestert— when itis really possible to repradiee a of the cond{tions for both the calibration and 
the subsequent measurement, so that, In effect, the unknown sonree Is betng directly compared with the 


callhvntion source onder exactly corresponding condittons, 


li computations of atmospherte attenuation are needed to obtalp the calnes of the raitiometrle inontittes 


at the reference posltion of a caltbration measurement, fill detalls af the vompatations and the meteorologlentl 


a BS] 
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SS 


chita on Which they ave based should be dnetuded trethe enlibration veport, 


(host APPARENT SOUILCE TEMPERATURE VS, APPAREST SOURCE RADIATION, Just ier the cefer- 
ene codintion is sometines conveniently speeitiod in terms of a reference tempevature, so die many Instances 
radiance lias come to he expressed by temperature wilts, partiorlarly In connection with lower temperature 
targets such ds velleles ond terridn leatuves. As poluted out in the WOTUE Hteport, Section Tik2, the souren 
temperatuve tniquely decevibes tie radianee only Te the senree faa blnekbody, For greybodies v combinn- 
Hon of temperature and total cmbsstvity bs vequited, Por other situations, Involving spectral emissivity 
variddions and non-equilibrium conditions with temperutin: geadionts, it becomes quite meaningless to as. 
cribe a teunperature to the souvee on the basis of the uppavent radionce abserved with te vuedionmeter, “thts 
is partiowarly true ifthe radiometer lias a speetval characteristic ae well. Tt ts strongly recommended 
that the possible confusion that ney vestlt froocthis ase of temperative be voided tnd that the results he 
expressed, instead, dnomite ol apparent vadinnce supplemented by co stdement of the speetrul ehuvacte rine 
He of the instrranent and the teethod of rovmalization used by piven (see Section Wag, abovep. Acoaurdingly, 


we do not recommend ealtbrutions tnoinite of soucce temperntare, 


ot LINEARITY 


It wan asanmed In the deal case (Seetion 2.1) tie the ontpat of a radiometer ts directly proportional 
to the incident rndiant power, This te timplied also by the relattons (i defining the responsividies, whieh 
are usuilly considered to be constants, However, the responsivity of radiometer nevd not be a constant, 
In some dnatanoes, inorder to mecommodiute a greater dynamle range, and atthe same the to malintata an 
Approximately constant percentage of prectstan over all parts of that range, instruments ave delilsvately 
deatgned to have an outpnt whieh, tefter some trbitvary level is veached, is proportional to the logarithm of 
the tneldent radiant power, In sneha case, the estiblishment of the reference radintian level far the zero 
potnt of the output senle (sem Seetion 2607) becomes even more tiportant than for an fnastrument with Hnews 


response, ta previously discussed, 


Itls purtioalarly difiealt ta generalize about this matoer of nonlinearity bveauae, ds with the other fea- 
tuves of radiometers, there «ve iadny subtle vartations, Probably the leat general canmment ts that non-line 
enrity ineny system should be treated as a warntug of patential difficulty and shoald be cavefully piwyred 
to determine the posslbility that it may distart the fnput-output relations inauintended ways, For example, 
consider t radiometer with a chopper designed for background diseriminatian, ‘fhe electrioal sigual at the 
outguit Of the detecting element (Input to the umplifiers) is usually proporfonal to the diffevence between the 
ruliant power tn the beam of radiatian from the sauree to bo meamrred (and possibly also some of the back- 
ground, whieh woe shall ignore for the moment? and the radinat power ina reference beam of vadiafion from 


djacent portions of the Imekgrvound, In iost enses, the niplitude of the signal out of the defector clement 


tt 
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in ctlreetly proportional to this difference tn rndinnt power over n wide dynomle range, Thus, vegurdiess 

of the subsequent use of 1 logarithoite or other non-Hnear mimplifier, the final output staal enn be calibrated, 
without ambiguity, asa mensure of this difference in the tnctdent radiant power, flowever, bf the sauree ts 
quite smattand fir away, ao that tte binage is concentrated Ina very amadl area of the surface of n detector 
atthe fleld stop, and tithe radiant power concentrated tn thts small tnayge at times exceeds the terndinuce 

to whieh the detector wHL respond Hnenrly, docu) saturation takes place, In this case the electro! stgnal 
from the detector itself ts no longer diveetly proportional to the difference in tnetdent radiant power, There 
inno information in the finot output signal to show when this type ob saturntion is taking place, so the inter- 
pretation in terms of incident target radiation becomes mubigious. This, doetdentally, is another strong 


reason for the use of a field lens (xee Seetton dt). 


We have said thata complete set of entibration measurements should reproduce o4 fav as posable the 
full ronge of values for the different quantities tn sttuntions sach as those discussed th the preceding para- 
keaph. ‘Thins, one should try to make enlibratton mensurementa over a range of trradinace at the entrance 
nperture of the Inatrument— mn rene which includes the highest values expected in actual mensurements, 
Similarly, sources should be used whieh are dmaged through the sinatfest fleld-nngle clement expected for 
fh source tn tay of the measurements based an this enlibrattan, The way tn which the responsivity varios 
nan funetion of these variables sbould be observed ia order to determine tf, and at what pont, any non- 
linearttlos may occur, The noalyaia of such situations must be thovough and prtostekiog to tnaure that all 


relevant factors whleh may arise inthe measurement situation hive been evaluated, 


On the other hand, Ht must be recogatzed that there may be some baste Hinltntions making tt Lmposatble 
to nehleve the entire recommended range of caltornation cheeks, The Planck vadiatton law eatublishes a def- 
Inte fimit fo the masxinim radiance that can be obtatned from any thermal source ata given temperature, 
goad there are Timite to the temperature that can be achteved faa practical enlibration source, Furthermore, 
the fnvariance of radiance along any ray makes it Impossible ta fncrenase the radiant pawer from a source 
of given radiance through a given aperture and field angle, once both are completely filled, regardlean of 


changes tn esterna configuration or the introduethoy of any addltionn! external optieal elements, 


Tb. TUINKARITY CALIBRATION, The linearlty of veaponse (constiney of responstyity aan fimetion 
of input level) can be measured by use of a number of methods for obtaining differeat known levels of Inetdent 
eudtiation at the reference position (radiometer entrance aperture), Mach method has ndvantnges and disad- 


VIntngen, 


Probably the most frequently used method, at least in both of the amall-source configuenttons, bs merely 
to change the size of the source, Cammereially avalinble blackbody sources are often supplied with an nper- 
ture plate with multiple apertures, making it posstble to change the aperture area quiekly by known amounts, 


Although this ia certatnly convenient, (thas the disadvantage that, in the distant small-source configurntion 


Wh 
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(see Section 2.4.04, it also changes the size of the souree image inthe image plane of the radiometer, tf the 
detector is loeated to the tmape plone, this means that there ts o simultaneous change both tn the total amonnt 
of rndtrat power nnd in ite distetbutlon over the surtace of the detector, It thas becomes quite compllented 
to relate any change in tespansivity unimblguagsty to one or the other of these changes, ta the near small- 
source or dones method configuration care must he exercised to Insure thit, even with the largest aperture 
need, the Timitntions on source size and posttion are malotained os desertbed tn Seetion 2.4, Absa, chinges 
In pouree size produce corresponding changes ta the region ol the aperture through whieh rndiotion passes 
tothe Held stop (see Fignre 5). The outpnt can also be allected by virlations in spatin? responsivity weroas 
the xeperture, However, as discussed in Section iGo, this configuration should not be ased untess cheeks hive 
established that such spetial sortotions do not esist ton slynifeant degree or unless enough meosorements 
are made with nm systemade distribution of source positions tn relition tethe aperture to insure that mn ave 


erage of the cesutts ts representative of the response to ratform trendintion of the fall apectnire, 


Another common method of obtalaing a distribution of points along the responsivity enrve ts to viry the 
temperature of a blackhedy cullbration sonree — ie method ased partlealarly with extended-sonree configura 
tions, Ht has the disadvantage of Inconventence — binekbody sonvees mast aretve at temperature equilibriam 
before they provide a velinide level of ontyat radiance, After this they cool very slowly; so dt tnkes a mb- 
strntlal mmonnt of ime to mike mensurements over any range ol temperature values, Even more serious, 
however, Us the fnet that the spectral distribution of radiance ts changing simnttane ously with the total ra- 
Mance, This menns that the computation of the normalized radiance based on the relative spectral respon 
nivity of @ selective radiometer requires i separate integration for eceh vidne al temperatnre, ‘This adds 
considerably to the labor aad to the opportunity for erver. Furthermove, it does not provide it eheek of 


Hoearity, which is clearly independens of other parameters, 


Acenrately known irradtinee valoes, readily compited hy the inverse- square retitlonship, ean be obtatned 
by moving a sinall souree op ne optleid bench carringe. ‘Thts will not ehunge the spectral distribation tf we 
can neglect the variation in the amount of atmosphere which is traversed by the radiation, lowever, this 
motion WIH change the sizeof the source tmage; and even worse, it will be aeeompanted hy motion of the 
Image plane, necessitating refocusing af the radiometer for ench mensurement, The focusing avrange- 
ments may themselves alfect the responslyity of the tnstriment, slight changes fn allgament of the op deal 
olements can internet with the optleal aberracons allecting, for instance, the minkmam image size and the 
directional response, Movement of the sonree ean also shift the positton of its image in the Image plane, 
requiring rearientation of the radiometer for the divection of maximum response, H, however, a good fleld 
fons ia nsed (L.e., exploration of the fleld shows nnfform diveetlonal response over a well-defined field), then 
thene effects will not ben sonree of difflenlty as tong ns precautions ure taken to tnsnre that all soarce rays 


puasing throngh the receiving aperture at Its nerrest position, are stl well within the fletd stop, 


ati) 


Institute of Science and Technology Tho University of Michigan 


In ustng vecelvers and sources ol nite wrens on un optical beavh, it ls important to revognize the Hintts 
to the vattdity of the faverse-square velitlonstip when the dhstances used ore neared along the beneh be - 
tween sonree and recelyar. The Inverse>aquare Law applies stuietly between nny patr of tnftnttestial ovens 
ol the souree and of the recetving uperture, using the stant distance between them, However, the Integrated 
result for all such patys ia only apprvoximutely an inverse-aquare variation of the total Mux through the re. 
celving aperture from the entlyve source in terms of the distiner between their centers (is mensured alang 
nn optteal benvh with both souree und recetver perpendicular to the beneh and centered wt the sname hetght 
above tt), Walsh | tl) has computed the integrated values of Levadinnece at finite distinees from ndiae nlong 
the Une perpendicular to the source through its center, as well as the deviation trom the Inveran. sii 
retationship, Grapltently shown, bls results indieate that the relatton ts peenente to within 1% at dlvtinces 
greater than ten tines the radios of wm elventor dise source, However, thie bs only ata receiver potnt "on 


axis,” When the recelver, too, bsoof finite dimensions, the sltuation becomes somewhat more compltented, 

A common worklog rule to uatng an optloal beach bs not to apply the inverse. myuare relationsbip to distances 
less than twenty thes the largest dimension of souree or receiver, flowever, aneh a vate should not be 
weed blindly. Ttomust be realized that the minber chosen depends entirely on the degree of preelston destred, 


wad that the choice of a tnetoy ol twenty repwesents a preeiston ol the order of a lew percent, 


Still another method, whieh can be used most easily with a colllmator (see Seetion 20.6), fe ta obtaia 
vorintions in tneldenat radiant power at the radiometer aperture by taserting precislan sereens or geiy Titers 
whieh ent out fractions ol the collimated bean, ‘The reductton enn be determined ncenrately by menwire- 
ments of the clear and opaque areas of the screens as long as dillractton elfects are negiigdble, This has the 
disnevnntage that, (neffert, (omodities the aren of the rodiometer aperture stop through whieh radiation pas 
ava to the field stop. Consequently, it should be used with caution in cuses where there fa any question about 
variations In spatial responsivity weross the radiometer aperture stop, Thia be trae particularly when a flela 
lens in sed to tage that aperture stop on the surfaee of a detector whieh may hive variations In vesponslyt= 
ly over Its svnsitive surlace, In such cases, however, tt may be poastbte to rotrte the screens and take the 
avernge output as the response whieh would be obtatned to uniform trradianee of the cothre aperture at the 


overage value, 


8. DETECTOR TEMPERATURE 


Vnfortunately, the responsivity of many detector elements tat Tinetion of the temperature of the element, 
This makes tt highly tmportant that this temperature be controlled or, Hott eannot be controlled, that tt be 
measured and recorded, ‘The elects of detector tempernture and the eHectivenvas of the provialons for con- 
trolling Ht shontd he vheekvd wa part of any complete calibration, §) the temperntiure ts uncontrotted, then 
eallbrotion measurvemeats should be carrted out at enongh dillerent detector temperatures so that a vecord 


of the temperntire at the thme of a measurement will establish the proper vatae of Tnatvument responsivity 
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to be nsed Inevatuatiog the lnstrument output lor that inewmirement, White we do not know what the offerts 
ofa tempernture geudlent inp detector clenent may be, it should be noted that suek gradients may exist, 


particularly tn the so-called bulk detectors and that this mony slgnitlevotly uffeet thy reaponslyvity, 


4 
CALIARATION GF A CHOPPER RADIOMETER 

Although It te often overlooked, one ob the main reasons for employlag op ehopper tna radlometrle tir 
stirimuent ts to get oway from the drilt probleme that con le so troublesome In dee Instriments, Amplifier 
deat is uise taellitoted by producing un aer rather thon a dee output trons the detecting element, (ie 
pnplifiers pre, In general, stinpler to dertyn than equally stable dec aoiflers.) Phe relyrence radiution 
of the tnatviment Is eatobliahed ta terme ob the mdlation Crom the chopper blades, Furthermore, tn some 
CM bendt tHeld sdtuationa, choppers canbe destpned to provide background diserinination, This nay make 
It possible to obtin measurements in situations where a ridtometer that teaponds to the total radinit power 
Incident Within dts Held would be more casily snturnted by w high level of barkground radinnee, Becnuse af 
the trequenvy with whlel: chopper radiometers are employed and the barge nutaber of virlante among them, 


It seoma deatrable ta accord then: special trentment tn this separate section, 


There are two Lnportint ways dn witleh the ase of a chopper ini radsometer cin wffret the vallbration, 
One ta the effect on the relerence vradintlon ov zero point of the output seale, The other ts Chrough what we 
hove termined waveform problenia, Vile refers to the ways ln whieh the wiyeforin of the output slgaal of the 
detector element nnd, ulthinately, the Tinal output miy depynd on the Interaction betwern the vlopper confly- 
nratian and the alae, orleutitton, ind position of the tmage of the sauree inthe fletd stop of the radiometer, 


In torn, the shape al the reanlting signal waveform can affect the responsivity, 


1. CHOPPER AS SOPRCE GE REPERENCE RADIATION (pp, Seetlon lat) 


As already stated, one of the prinelpul renasous lor oimdng a chopper isthe stability whtel it ean provide 
hy extablishing Qe reference radiation tevel, At short wavelengths, through the UV and visible out toy about 
one mierou in the near Ti, this ta accomplished rather castly merely by muking sure that the chopper snr. 
face Is uniformly vontel with a black suvince. Even through the lend sulflde region, out to about tye the 
temperature of the chopper omnally is nota eritival Iretor because at mublent temperatures there ts Tittle 
riullation In these shorter wavelengths from a black or gray body. Mowever, tn the vas af detestors whieh 
respond to Langer wavelengths, the cllvets ol variations In vhoppyr temperature and emissivity become a 
serious conmlderation, Kimissivity elects van be minimized by walig a highty reflectlig chopper hinds, but 


then It ls Important to voutrol the Lioblent radtation reflected from thy surroundings to thy detectar by the 


Bia! 
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polished chopper, This is done tnomany radiometers by mounting a small reference blackbody In w position 
where, by speentar reflection Troms the choppee-mieror, ridiation Tram this veference sonrce completely 
repluces the external radiation beam wheo the tutter is blocked by the chopper. ‘This not only provides a 
stable sourm: of relecence rudiution, but also an adiusteble one when approprlate teraperahive controls ire 
provided Jor setting the relerence bhiekbody temperature at different values, As delined In Sertion 2.3.7, 
the meterence codiation value WH pot mecessmeth: ogree with the aetual radiance of this reference bhake 
beady, Discrepancies nay be due to ditharences tn the soll angle theough whieh this reference source vera. 
dhites the letertor element ios compared to the solld angle tor esternat radiation, Other disecrepinclos tony 
originate trthe number ob reflections tn the optiod paths traversed by the relerence rndtition and that from 
esternob sources, or in possthte partial potwetzation of the radhetion, Tt ts tmportiat, as part af the caltlien- 
tlonol suchoan instrument, tomeusure am) establish the releresre metition level, as well aa the cexponst- 


vity, by menons ob extermad caltbration soneces, 


Hdd. LaCATION GF CHOPPER, This destratle that the chopper establish the reference level with 
respeet to the bean ol radiation from the source, uncontaminated as taras possible by bnekground mnalin- 
thon, ‘Thos the fdeal location for a chopper is tmmedietely in Tront ol the emttting sonrce and behind a 
batt: piote, This defines the beam Tront the source to the radiometer us desertbed at the end of Section 
Wh dabeve, Ttts not ulways buesthle to place tt there, however, for obviows rensons, For conventence It 
Is usually destred that the chopper be incorporated rea pert of the radiameter, particularly ifthe instrue 


ment ts to be pertuble aod to be ised undee veeying clecimatances to measure wvarlety of sources, 


When the chopper ds parted the Instrument, the foregoing considerntians make the preferren location 
lor it post in front of one ol the stops, either the wperture stop or the field stop. With this arrange ntimnt, 
ractotion reaches the detector alternately Tron the external beam and fram the chopper through the stop, 
Itadintton rewching the detector from the sucronndings outside of the stop opening, treluding that from the 
material whieh detines the stop, [x nat modulated by the chopper, Any (ters, partloularly If they might 
radtute stgntiieantly beemimse of their own temperatures, should also be placed between the chopper nad the 
detector where any sich self radition with not he chopped or modulated, The loention In front of the aper- 
thre stop ta seidont osed, The Held stop is usually much smatter thin the aperture stop so thatn smaller 


Chopper With sulthen ut the theldl stop location, 


Criortinatety, there are stil) other considerations, some of them contiicting, whith also have a bearing 
on the chopper location, A field stop mast be positioned nerirately In the tmage plane of the volloeting op- 
ties Hf the field of view fs to be sharply defined, However, when a chopper ta being used for backgraund 
suppression, (Cis Important that tt too be boeated In the Fmage plane, rac will be discumsed In Seetion 4.2, 
This con be weeomplished hy using addition optles fo reimage the bnage plane fia seeand image plane, 


The fel stop ts Tocuted in one and the chopper in the othee, This arrangement adds ta the size amt eon. 
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plexity of the instrument and the optlent! tosses are tnereiased by the additions! optlent element(s), sa lt in 
hot Trequently employed, On the other baad, (Olt ls desired to measure only the radiiuit power from a tar 
pet, regurdiens of Ith size, shape, and tocretion tn the Tedd. tind to mensure Ho wtthtn is wide tipitte in 
possible (which ean onty be done with minimum background suppression), the chopper delinitety should not 
be efose to the Tela stop and, Ideally, shoutd be past in trout of the aperture stop. These considerations 
are reviewed here because of their bearing on eatibyvition measurements, ft ls important la making eat 


bration measurements to know and evidluate iif ol the parameters whieh may iilect responsivity, 


4, WAVE FOI PRONE MS 


Whenever a chopper is tocated in, orctose to, the triage plane of a rodlometer, for the rensons given 
tn the preceding section, the waveform ot the modulated output ot the detection efement becomes n function 
of the target dinage. The waveform in atiected by the Image size, shape, orlentation, and toention In the 
fleld stop, How these prommeters, In turn, ateet the Tant output, and hence the responsivity, depends great 
fyon the subsequent signal processing by the amplifiers and the presentation device, Sueh things we the 
frequency bandwidths and the type ot demodulation used, parttcularty phase-sensitive demodulation, may 
niake on great dent of diflerence ta the wiy In which respansivity varies with these parameters of the target 
Image. White it In possiite to predlet these elects by sullledeatly thorough anatystn, the best course is to 
verify them by appropriate calibration mensirenents, ‘This cnn he dove with a known souree for witeh 
these different parameters ean be varted (ndependestly ini controlled nanner, Probably the use of nv eot- 
Himator, wn deneribed in Section 201.6, 18 the most practlent approneh. The parnineters of the source Lmige 
ean be controtied by vierying the alze, shape, smd ortentation of an aperture Located at the focus of the col. 
{lmetor, The focation of the source [mage ir the tuge plane of the radiometer Is shifted by rotation of the 


collimator about the center of the endlometer aperbire described in Section 8.2 (see Fayre &), 


* 
o 


CALIM(ATION OL SPEC TUOUADIOME TERS 

We consider spectrovadiometers to be those dastriments whieh cin be used to obtatn an absolute menn- 
wrement of the spectral variation of w source radlometrle quintity., These instruments can use prisma, dlf- 
frnetlon gratings, ond many other optleal elements to produce spevtra, fooa sense, radiometers whieh rapid 
ly wequence throngh a cet of narrow filters also can be called apectroradiometers, Since the previo dis- 
cunston ts direetly apptlenhle to such Instraments, they will not be treated in thin section beyond the men- 
Hon on one precaution to the reader, Often the fHter sequencing is necomplished by the ratation of a wheel 
containing the filters, ff the speed of rotation is saffietently great, the dweth time for any ane filter can 


approrch the response thme of the unfiltered radiometer, In snehenses, the rexponse thine should be deter- 
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rained under dynamite rather than state conditions, 


The spectral mensurtng dnstrinments hinve one property in common, ‘The various wavelengtha present 
tn the source tication are spread or dispersed tispnee., Prisma make ase of the vartation in index of ree 
fraction with wavelength to reveal the radiathon spectrnt content, Diffraction yrntings can disperse a paral- 
tet bundle of rnys into sets of angles corresponding to the nssoctated order ninibers, Fresnel zone plates 
can cisperse wavelengths along thetr opthe axes, The fringes obtained with Interterometers wil be loontoed 


Indifferent portions of spnee aveording to the wavelengths present tn the radiation fleda, 


Hi the absolute magnitude of the radiation at the dispyrsed wavelengths bs measured, (hen w spectros 
radometric determinntion has been made, ‘The cattbration of such instruments must encompada the vestabe 
Hahment of hoth a wavelength seate and a radiometric scale, tn many cases these scales are not Independ- 
ent, so that the cathbyation tnvolves constderubly more than establishing the elects of varying each parnimne 


eter soparutely, 


The need for complete tamiltirity with the characteristics and operation of the fnstrament is even 
greater for dispersing spectrorudiometers than for the loss sophistteated types of radiometers discussed 
previously, The need ts grenter bevause of their added complexity and the Inereased opportunity for ambi- 
suity ond vrror, itis not feasible to Inetude here a complete discusston of all of the subtleties of dispersing 
Instruments, The rvader is urged to consult, und study thorouglldy, good standard texts on this subject, 
such na References 12 and tt, as well as the artictes and books Hated in the bibHography and on p. s0O1 of 
Reference 4, All that wil be tneluded here wih be comments about some of the most tmportint features 


which affect the caltbration of these Instruments for yunntitative spectroradiometric measurements, 


We have already stated, aod euiphnatzed isu general principle, that cathbrution measurements should 
be mace oumder chroumatances which reproduce, as completely aa possible, all of the conditions which wilt 
apply during the measurements based on those calibrations. in connection with the use of dispersing Inatrue 
ments, this statement verds even stroager reemphasia, The possible interactions, especially Hf nan-tineart: 
thes oxtat, between the various components of an actanl monovhromator or spectrometer, can da extremely 
perplexing, Withoat vertfleation based on extensive experlence with the partheutlar Inatrmment, no attempt 
should be made to compate the results obtained with one combination of variables (sach as slit widths, sean 
speeds, nnd gatn settings) Crom culloration measurement made with a diferent combination uf these parame 
ters, A septrate cullbration shoatd be made with ench combination that wHE be used in avtan! measarements, 
With this cauthon about vombined net effects and Inferaetions, we wil proceed to consider individually the 


features and thety eflects for several tostramentas, 
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A partiontarly common form of spectrorudiometey ts one which neaes prisms and/or gratings with an 
entranee slitand one or more exit sltts, This type of instrument ts trented in seme detodl in the following 
sectloa, In view of the tremendous verantiiity of laterferometers, a brief discussion on lew pertinent 


Interferometer chacucteristion is given in Seetion 6.2, 


5.1. PIUSM AND GIATING INSTILUMENTS 


The essential components of any prism or grating spectrovadiometer nve the snme tos those of any 


radiometer, with the addition of the tollowing (see Figure tl) 
(4) Anentrance alit, whieh tamdly acts as the fletd stop of the colleeting opttes 
(bh) A collimator, whieh may be a lens or icmirror, with the entrance slit at tts locus 


(c) A dispersing clement, eithey a prism or a grating, whieh aprenada the benm from the collimator into 
ndlaperston of paratlel beama, each wavelength contladaiag Inte cottimated beam atic alightly differ- 


ent angle than that formed by other wavelengths 


(DA foerestop element whieh prodices ia toiage of the entranes slit from the paralled benim at ench 


wavelength eo tat these images are dispersed Hoearly to form the familinr spectrum 


(©) One or more exit atite to sefect the radiation in ony destred region af the apectrmm nnd allaw tt to 
pass on bo the detector 
fwiefly, the foregoing ean be summirived by saylag that nh spectrorndiometer is na radiometer with a mano- 


chromator interposed between the collecting optles und the detector, 


Monachronuator 


1, © Callecting optics By © Exit slit af manachramator 
S$, © Entrance slit of manochromntor acting niso as the fleld stop)  D & Detectar eloment 

C @ Colllmuting optles he Amplifier and electronic clreuits 
A» Disperaing clement (priam or grating) Ke Recorder for autput presentation 


F © Refacusalng optics 


FIGUICE 11, A SIMPLE FORM OF SPECTRORADIOMETER 
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Inomany so-called sell collimating speetrameters and monochvomators, uv single optleal element serves 
oth for collating the beain trom the entrnnee stiland for pefoeuss ings the dispersed benim ante the plane ol 
the exit slit, One a the moat Trequenthly used contigimations of sell-vollimating instriments ts the Litteow 
Iype. In this insteiment a plane nilever ts positioned so as tecreture the dispersed ben nek to the prisin 


oy pvutiog fora second dispersion befare i retuens to the sell-collimating mirror or lens and the extt slit, 


Inthe so catted daob  -(ass memochromators, the lacised bear is sent baek through the enthroe sya 
tem a second thie tor stil higher dispersion, 1 the dautde-pass instrament bea bLdteraw type, the bean 
Is geted upon dour times by the pads or grating. Not only ts dispersion inerensed by these repented disper- 
Stones lat spectra rescdation asl purity ave also dinpraved, tac double monoehramator (two manoehrama > 
fore doseases, Ure exit slitot one forming He entrnnee stil of the secoml the repeated disperston alae ine: 
praves the speetval veacdathon ail purity. The emerging beam trom the extt slitofa well-designed double 


monochromator contatos oo omintmum af seattered radiation af wavelengths outside the destved pass band, 


lo douldespass Tnatriments, however, the second poss ta omide over portions of the same path as the 
tivet, tone type itis distinguished trom thest-pass radiation, also emerging From the @xil slit, only by the 
Insertion of chopper tia portion of the second-paas beam that does not overlap the flrat. In this cnse, ale 
though the modulated beam Eran the secant! pass may have high speetrnl purity, there can be a fately high 
levet of unehopped tlest-pass radiation of onwante } waveleagths alsa tnedlent on che detectar, The elfect of 
(his Hrat-poss vndiation on the vespanse cd the detector clement to the chopped secand->piss rndtation of 
the destred wavelengths should he caretully tested in such cases, ‘This ts partientarly important for mens. 
Wrements cowavelength restos inowhteh the spectral responsivity of the detectar clement can be very low 
8 compared tcclts reapoostvity to the unchopped wavelengths from the Hest paisa, Spectral liters Inserted 
At the entrance shit cay he used to produce suletantial changes inthe tevel ob this amwanted, wnmodulnted 
radiition in ovder to observe the efleet, Hany, on the output, tdenthy, there should be nec eleet, becnime 
the output should Ge a menstre only ob the chopped endittion in the desired wavelength hand, However, 
this needs to he vertiied lor eaeh detector clement msed over the complete range ol wavelengths for whieh 


tEwill be employed, 


The wavelength band ta the cutput obo prism meanochromitor Es un unimbiious fimetion ab the velathve 
Pesttions of the slits, the prtsm, and any cation) elements (suchas a Littrow mirror used to shift the din: 
persed speetrom qerosgs the extt sttt. dia grating monochromator, however, there can be averloppdng ar 
ders, Radiation of one wavelength ditlracted Inthe test ordea wilh leave the grating pavatlel to that ol 
dhother wavelength in another carder, and the lmages tn the speetrom can overlap. A labrly low -disperaian 
forveprism moncehronaitor, ca sultable filters, con be used ta tront of the entranee slit to remove: wave 


lengths of the undestred orders and toebimtnate the ambiguilles, 
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The wavelength assigned to an cutput fron a disperslng lostrument ts defined as the wavelength of the 
ray from the centec af the entrance slit be the venter of the extt allt. tha spectrally scanning fnatenment 
this wavelength Ls changed by changing the position of any of the components which determine the relation- 
ship between the exit slit and the spectrinn focussed tn the plane caf the exit slit. ‘This can be dane manually 
for n potnt-ly-polnt sean, or mechiniecally fora continuous sean, In oth cases, thls wavelength of the ry 


between the allt centers will be called the tnatantaneous wavelength setting cf the tpatrument, 


There ave also Instriaments with multiide exit alite with a separnte detoctar nasocinted with each allt, 
Here, too, woe WHT refer to the wavelength of the central ray at ench exit allt, ns described above, tar the 
wivelongth setting fir thet slit-detecter combination nnd heace the wavelength associated with that cutput, 
The prablem of determining the spectral piecstand, speetral resolution, cr spectre stltwldth at each wave 


length setting Will be dtacussed under the heading of allts and allt ellecta, 
K K 


the wavelength calibration (Le., the eatablishment of the scale of wavelength settings car the wave. 
lengths io be asscelated with ench output), becusually covered mlequately Inthe jnstructlons tiratshed with 
any commerchdly available instrument, ox well as to the standard texts on spectroscopy, Accardtngly, It 
WIT! not be tiacuased here in any detail, Kasenttally, it consists of observing the output asd fiinetion of the 
wavelength setting when the entrance slit te irradiated by sources with well Known, sharply varying spectra, 
These may ductude sorrees which emit sharp spectral pes, such as the fomiliar mercury green tne and 
the yellow sodium D-Tines fo the visitte, as well as cantinuous sources: combined with filter materials sch 


ta polyethelene, palystyrene or vartous gies [fl], 


Our concern here will be to diseiss prere thoroughly the redlometyte callbration by which valton are 
danigned to the amplitude of the oatput nascelntet with cach wavelength setting, We will discuss, partoular: 
ly, the wiya tn which this rotiometrie calibration bs alfected by the teatives peculion to dispersing inatrue 
ments, fn additioa, all of the constderations wdready treated iy eemnection with leas sophiationted radfomet- 
rhe dastruments, suchas the propertion af the collecting opties, filters, choppers, detector elements, ane 
pliflers, nnd ontpot presentation devices, cpply equally well to those components when ted [ni spectros 


radiometer, 


The lostrument responalyvity can be determined at one wavelength (ietually over a nirrow wavelength 
region) hy the nae of a mufflelently narrow apectral Tine source fer whieh the absadate spectrorndlometyle 
values are known, Such sources aro eapectally useful tn shorter wavelength regions la whieh the rndtation 
from a blackbody ia very often nat of sufliclent magnitide (over the wavelength Interval carrenpemedlag to the 
spoctral allt width) to Inaure a high signal-te-notse ratio, ‘fhe sources recetver canfipurathans discuased 
In Section 2.3 are epprapriate far responstvity determinations for prism ond grating Instruments, althongh 


quite aften the scaree is ydaced te MHluminate untfermly a stope whieh comes iter the eptrauce aperture stp, 
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The spectral responsivity oF a spectroradiometer must be specified both as a function of the spectral 
elit whith and of the Instantaneous wavelength setting, ‘The flrat wavelength dependency is a static function, 
white the second is a dynamic one developed by the wavelength scanning, it should be noted that these are 
not independent quantities, ‘The spectral silt function can be considerably different at different wavelength 
settings. This subject Is adequately Created in the literature referenced before, but a brief review will be 


useful, 


The spectral stit width, Ay Aton lastantancous wavelength setting, Aj, lov slit widths sufficiently large 
that diffraction effects are negligible (this is most often the case for instruments used in Held measurements 


of sources) ia indicated tn Figure 12 for equat entrance and exit silts, and for linear dispersion, 


r) 


FIGURE 12. TRIANGULAR SPECTRAL SLIT WIDTH 
Thus, an, in the half intensity breadth, and the transmittance, 7,04 ), is represented by 
[M él 
rT) = | a. for r, ” “,5 As A, + a) (aay 
7,4) = 0 for all other values of A 


Hf the slits aro of unequal width, then under our idenlizing assumptions, the spectral bandwidth is as 


shown In Figure 13, Now the instrumental half-tntensity breadth, aA, ia given by aa the spectral slit width 


th 
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corresponding ty the wider allt, ‘Thus we have; 
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The spectyat power responsivity of the cetertor, normalized to the penk of Its response, can be ised to 


obtain the output fy the following relation \ 
oh 


PAA, A : AY | » (A A Ay AA Nin 
VPs wo If re PAO) 7A) may dd (3h) 
“ww 
wher Va aA) Ie the spectrorndtometer output at wavely onde seth oF ead with oo spectral dastrament 
wictth Sa 
fs 


Ry ) fn the spectral power responaty ty of the detector, normalized to the peak value at Ae 
’ 


, @®) is the spectral cndinot pawer at the entrimee slit, (tte aasimed that the collecting optles 
have been caretaully matched to the optics of the monochromator so that the apertiave atop 
ofthe collector serves is the apertire step of the combined systems and there Les ne mubar- 
quent vignetting, ep. by any of the opttea) components cd the monoehromator,) 

A(A)) tan finetion cavompaasting the relative spectral responsivity of the detector aml all other 
apectridly dependent quinttties: such as the reflevtance and absorptance of the mirror mur- 
fiver, garlnois, ete, 


7,@1 In the tdentized apectrat transmittance, 


If we were to write Equitlon a6 in term of the spectral power responatyity of the tnatrument, then the quan- 


thtles (A), 7m and it of we would appear himped together In the quantity 1, (A). 
1 


“' 


In the case of pnrrow slits the spectral transmittance may toke on the shape of a typleal alngle alte 


cffrnetion pattern, In thle cuse, 


(17) 
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mal é 
where Pa ek 


ny 


oe allt width 


4) 
Oe nogle from the osial cay (dastioing that the angle of Incidence ty 0°) 


The use of Rquation 7 tn to is then necessary, 


Specteal Slit Width 8 
Corresponding to 
the Narrower SHI 


Spectral SIC Width of Wider SI 


ah. ee 
: : n w 
“ed 2 
Abe as 
n w 
y ot Neg 4g 


MIGUIE Lt TRAPEZOIDAL SERCTAAL SLEPT WIDTH UNEQUAL SLITS 


The determination of directional response tor the spectraradometer (linatrated in Figure D1 be same: 
what more complicated than tor the baste radiometer diseased in Seetlon hai. The entrance slit of the 
Monochvamnutor th this instrunent olao serves ae the Geld stop ot the collecting opties, Tiethe asad orlen. 
trtten, with the slita vertionl, the entrance slit width establishes the estent of the Held an azimuth and tae 
entries: slit helpht determines its extent by elevation. Magpaing the Geld of view with a diatant small souree 


ne outlined In Seetion dole will reveal wavelength ws well as spatial varlations, 


Letus consider the altuation wheee the Image ofa distant amall sourvee da much amatler than the width 
ofthe entrance atitcund falls entirely within the spaee between the slit jaws. do this situation the sanver 


lmage neta aaa narrower entrance slit (iain the soecallot slittess speetrographs used for stir apectra), 
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The fret that lois narrower will not change the overall speeteal stit whdth ob the inatrament, os long as the 
ONIt sIIt dsout lewatus wide as the entrance slit to bepin wlth Gee Figure Ly, However, any change bi the 
hovizontel positon of the small Gage: deross the width ob the entrance slit resulls In change ti the wise. 
length of the ray from the center ob this image, ar reduced entronee afit, to the center ob the exit aflt (ie. 
achonge tn the lnstantineous wavelength setthny AD The resulting uncertainty this Tntraduced ta the wave 
length seale ts obyfousty leas than the specteat slit width ob the catrance sttt, UW this degree ol uncertainty 
eminot he tolerated, the correet wavelength setting can he compuoted trom a botealght eamerne record or other 
determhuttion of the esaet postition al the distant saath source Inthe Held (16), Similar wavelength seale 
changes togethoous with some dey raditian ob specter) resolution can be expected when the source ts moved tn 
Mevation all the optle asta, The nnalyats ol these changes is complleated and dillers considerably tor dite 
ferent dispersing “ements, such os pratingss and prisms, Acton! exploration ob the Teld tu outlined in see 
Hon tela the only sure way tecdeteemine the sarhition cd respeosdedty with direction, and the wavelength 
shitt with azimuth and elevntion changes must be taken into wecoount la order to daterpret correctly tho re 


SUE Cob muredy se nnadegopod eng, 


In the treatment al the temporal) variation ob responsivity (Seetlon (4) a cautlon wiis preseated ln regird 
to spatially seaintng cidiometeys, This use ob radiometer cau Tint the spathat cesobition of the Tnstrament 
Hthe bounds ad the tidiometer frequency response are exceeded, tn spectrormidiometers the same enotion 
Upplies to regard te specten! scanning, dusts the elective Hetd ob view of i seanulag radiometer enn he 
Hetemmtned by the relattoustup between the spatial sean speed ond the Lrequeney response, so the speetand 
resolution ob a speetroridiomerer can te atleeted by the specd ob tte wavelength seanning meting with tts 


i} FEQueney PESPOlse, 


The problem of determining the spectral distribution ob the vadiation tbetdent at the entyvance slit, Ii), 


Trom the tastenment outpat, beat AY, und the tnstroment parameters, RO 1, SAD and eX), by sad vedinge 
4 & 


n 
the tntegesad Equation i ts a sery dittiealt one, While vartous methods Tor dealing with such a convolution 
Integid can be sapgested on parely inethemiuatles! rounds, tf appears that they wre Tmpractieal tor data 
recdhietion computitions inmost tostinces becanse ol thete sensitivity to the presenee ol nolse (elieh edi be 


regarded as another perturbation or distortion ob t () th the output VO. Wd. The upprostinition method 
LY 


that is most generotly used, While net cathrely satislietory, enjoye the Cremenions ocvacnaige ob stoptletty, 


Ny successive opplieetions of the mewn value theorear of Integral caleutus, the Integral Equation tte 


pbhove cag be transtormed to 


A 
« 
(A A = N (A Ap SA e@ F A a ue 
" ¢* Pi Nye aa! Py i! oi a! .y RO in! Pf 1) rym, ve 
0 
where a nnd y ore wavelengths within the lntecvat As ‘AW at whieh Pal and aL have their 


‘tH 
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mean values, vespectively, 


To the usual treatment, ane replaces these mein vities with the vidues it the centeal wavelength, Ais The 
expetnesa ad this procedure depends upon the amoant cd variittow in HO), MA) anel PA within the inter. 
vat Ay. A) If these variations tend to too great errars, then the prablea of solving Equathe s6 reqaires 

Ho reexcmination, The use ol a amatler valae ir (Le. higter resotntien) or a different calibration scuree 
with a PA) which is more uniiorm inthe interval, may allow the use of the method outlined mbave, Note 


that, Interna of the Instrument spectral power responsivity, Equation 34 cnn be rewritten am 


VA. dA = Hy, Ad PLAY aa, (a) 


r 


a) 


4.2, ANSOLUTE V8, RELATIVE CALIBRATION OF SPECTRORADIOME TEMS 


It ts clomr trem the foregcing that any measurements (Inetuding calltaration measurements) with spectros 
radiometers ure extremely diffleult, particularly in the fleld where all af the pertinent faetars are not ens 
ily controlled or accounted for, For this reason Investigaters scanetimes find It enter to use a spectral 
Instrument for the mensurement of only the relative spectral distribution rQ), rather than an absalute 
mensurement of POA), This extoblishes the shape of the spectrat curve, The seule fretor to establish the 
correct values of crdiontes tn atetolute unite te then abteled by ane or more seprrate mensurements with a 
slmpler radiometer, whieh is more easily ealilaated in alaolute unite, If thia is done correctly, it ls valld, 
However, [tinay be very dlfflealt in many cases to insure thot the two instruments, the spectrorudicaneter 
from which the shape of the spectral curve is established and the radiometer used to olain integrated val- 
ton over a wider bund in aletolute units, are actually measuring the sme beam of radiatian, Deenuse of 
the frequent use of the monoehramator entrance slit ms the fleld step ina scanning spectroradiometer, the 
shapo and size of its fleld (particularly with the curved slit of some prism instruments) may nat correspond 
at pil to that of the radiometer, and the partians of the source and baekground which tle within the two flelda 
miry be quite different. Also, the overall sjectral responslvity of the radiometer must be known accurately 
In order to relate its Integrated response correctly to the measured curve of the retntive spectral distribue 


thon (Hee Section 4.4.3). 


5.8, INTEIFEROMETEMS 


Nigh resolutian spectraseopy his been carried out In the past ly extensive use of Interferometers [16 
through 21), These Inatruments elther divide the amplitudes associated with each Incident wave front or 
divide the wave fronts themaelves, They Inehide the Fabry-Perot Interferometer, the Limmer-Gehorke 
plate, the Michelson Eeholon, ant the Michelson inierieroueior, With each Instrument exeept the last mul- 


tiple bommnes ure used to obtaln very sharp Interference fringes and thas bigh resoluttan., The funetions, nM) 
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for these niubtide bea tosteaments ive tatotated Letow, 


Fabry) Hevot intentercineter 


uy 
y /dpe 
To (N)rs a r 
fem min rp 
where 
2 tp 


pods the rellectanee of the comttinggs 


pots the order mimber 


mrt 
Z 
x ley 
aA ee a8 
) at ' 
where tos spacer thiehness 
Linimet= Geherke plate 
Ne N 4 
(hep oy od Bin (tO NAL 
7 (Ms : 5 = 225 
. - - 
(ep dp ate Cee ON) 
where Nodes the minber obemergent beams abtained faa given fdate length and ingle of emergence 
) © reflectance 
Ye path difference bemwecn (wo siuccesstve bens 
Michelson Rehelen 
2 (A ei. 7 Fo 
a! : 1 . 2 y it 
where Be Foonve foetcars tor the Franohofer patterns oldatned with rectingular ahjects (they mre 


ol the Sf term, F deseribes the tntenference pattern die ta the N steps of the echelon 


4 ' 
f 


In the crese ob the Michelson interfe rameter, recent interest his stemmed trom the utilization of the foot 
that the speectrnl distrilatton in the fringe patterns ts equivalent to the Faurler transform of the spectrum, 
Signol peracessing techniques, many of whieh have heen develaped In connection with radar work dieing and 
since World Wor i, exist ter riptd reconstruction of the spectra from tnterferogemos., These have been 


repearted tothe Hterntare Flo) and scame ccanmercial Insteuments isting these techniques are now avatlible [224, 


The anqditade, a, abi Ineident wove Ina Mechelsan interferometer can be considered to be aplit equally 
Inte twaqarrts by the beam sqditter, W (neglecting fietors such as phase shilt on relectlan, the need for com 


fecosition paitess and ather deqarrtures Tram the tdeal case) as shown dn Ftpnve bl. Here the divided amplt 


a0 
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tudes a/2 are associated with the two paths, BM, and TM, 


the result of the yveetor addition of one half of euch of these amyplitndes, Wo assume My to be perpendleutar 


und a’, the amplitude of the emergent wave, ta 


to M,. The emergent intensity distribution is obtained by a'* at where af is the camplex canjngate of n°, 


‘thus the tranamittanee for a Micheison Interlerometer tor wave fronts whieh ave parnatlel ta Mond My la; 


4 8 
TONS n” con” 6/2 


dnt 
where bm cee 


‘ 


t= relative disjydacement of My from the zero phase position, i.e., from BM, & NM, 


fa the absence of multiple reflections the interlerence Cringes obtalned are quite broad as compared ta thowe 
froma Fabry-ferot interferometer, However, high resolution can stl] be obtained with tong path differences 
It the problem of overtapplag orders can be easily selved, MW the movable mirror ta axctiiated [nn sawtooth 
wive no that the mirror moves at a constant veloelty for an epprectable portion of a wave cyele, then the 
transmission of the Interferometer also varles for ench wavelength, The autput frequencles of such mo ine 
terferometer-spectrometer are directly related to the wave numbers (the Inverse of the waveleagth) present 
In the Incoming radiition, Wavelength identification ts not diffleult In this method of operation, On the ather 
hand, Fabry-Perot lnterferometers used with large spacers require cavefal order sarting. There oxtat 


gvaphical means which can greatly almplify this problem (2ty, 


Amplitude of Initial tacident radiation at 8 
» Amplitude of rndiation tn paths NM, and WMy 


Amplitude of exit radiation 
Mirrove 
Boamapiitter 


FIGURE 14.) MICHELSON INTERFEROMETER 


Although Interferameters ean be regarded as spectrometers, thelr use as apectroradiometers La not 


particularly direct, A generally accepted practice Is the use of n borealghted radiometer limited to a fixed 
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narrow spectral regtan within fhe scanned spectral rnnge of the Interferameter spectroneter to glye aw ati 
gle nbsalate radfometric value (see Seettan $22). Tht value (or severnl auch values) cnn be used ta ranke 
rbaolute the relative speetrn obtidned, Cilbbeatton of sach inatrumenta, therefore, does not call for proce - 
dures basteally different fro thoae outhined before, The precautions strted before often tke on grenter 
Hmportance for these Instruments. ‘Temparnl changea of the souree radintton at frequenclen whieh enn cons 


fuse the analysts of the Interferometer outputs past be voided Hf Fourter aontysls taethods ire employed, 


fF 
CALIBRATION SOURCES 
Any radintive sources whose radietion charnctertattes mre known cnn be used for enltbrution. ‘Thum, tc 
heated conteal cavity, ehented roolecular jus, re thtin lie of polystyrene, n Getaater tube contatning helfuns 
nt niow pressure, tn tron cre— dl of these may be used for cidtbratton sources, ttudintion, etther enittted 
or absorbed, with Known spectral, spatial and temparal diatributtona, can ta clisatitable Into cantinun, band 
nod line spectra, ar ratstures of these, Discussions af calbbratton saurces tere to be fond In References 1, 
8,12, 18, I, 20 and 24 through $2, In view af the extensive Hternture on this subjeet, tt wilh not fa: trented 


here, 


7 
SUMMARY 

The definitive work on rodtametrie enlibratian haw yet to be written, ft ts the optnton of the muthara 
that no paper can treat thls sabject completely since ench tnatrament requires a separkte moalyata, in the 
preceding sections, we have tried to discusn In i genern way several toples which have nat been cavered 
Iwfore tn the manner of ouc approach, We have stressed thowe Hein which have been alighted or overlooked 
inthe Itterature, as well na those which we constder sa tmportant as to warrant i retteration. Stull, this 
report, or any ather document, enn never bw a sihetitute for a thorangh study of the Hternture to thle field, 
We crn lenrn theangh a review of the pracedures sed by our many fellow vorkess tn radiometric resourch, 
For this reason, we have added n bihlbography of articles we have faund to be useful. A senrch thraugh them 


will lend one to many more papers relating te radiometric callhira’ion, 


The most asefal summary of thts paper may be prepared beat by the render, It shauld be iu the farm 
of a summary check Hat for the calHirntton of his awn inatrament. {ta preparatian involves carefully re 


viewing thts report and oxamining sach qaestians as; 


_ 
te 
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Do the enlibration conditions reproduce, ix clomly ns possible, wll of the pertinent conditions of the 
measurements which will be based on this eallbrntion? Are the extremes in devel of radiation covered? 
Have spatial, speetrnl and tempornd dependeacies been reproduced during the enlibention’ ‘To the extent 
that they have not, are the diflerences: adequately recognized and trented tn the mennrement, dati-redace 


tion, and reporting procedures”? 


Have nll of the posalble cariations tn the Instrument funetlons and methods of operntion been enlibrated 


In tovina, not only of their Individunl effects, but also of the Internetions between functlons and operntiona ? 


A final remark should be made, Not long ngo laboratory instruments were at lonst assembled, UW not 
made, by the selentiat destined to use them in researeh, Today conmerclal instruments, completely pack- 
nped and povtiolly or wholly automated, are purchased for the largest manber of Inboratory und fleld studies, 
Unfortunately, too many investigators hive neeepted these Instruments na black boxes whose interlors nre 
known only through the onmifacturera’ Instruction manuals, While we have no longing to retire to “the good 
old days’ when optics were mide, coated, mounted and tdigued by the scientist himself, still we deplore the 
other extreme, It does vot seem possible to make necurate and precise measurements of the radiation from 


sourees With ridiometric fnatroments whose purte and funetions remain unseen and untouched, 
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